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CHAPTER I 
INTRODUCTION 
Myelin was first recognized as a lipid-rich substance surround-
ing nerve fibers in the vertebrate nervous system. Histologic, micro-
scopic, and X-ray diffraction work revealed the segmental presence of 
myelin in nodes and the radially concentric lamellar structure of the 
lipid-rich matter in each of these nodes (Schmitt and Bear, 1937, 1939, 
& 1941). Identification of myelin as a membrane led to intense and 
active research with myelin at a time when theories of membrane struc-
ture were first being formulated. Originally a favorite target of mem-
brane research due to its availability, myelin was once thought to be a 
model of the typical membrane. Myelin is now known to be morphologi-
cally, physiologically and biochemically unique (Raine, 1977). 
Myelin has been fairly well characterized in each of these 
s~parate disciplirtes---composition, structure, and function. Research-
ers are now interested in relating and integrating what is known about 
myelin. The period of rapid accumulation of myelin in the brain is 
associated with striking increases of functional capacity in an animal. 
Alternately, lack or loss of myelin under various pathological condi-
tions can be accompanied by devastating functional losses. There re-
mains little doubt that intact myelin is essential for optimal function-
ing of the nervous system (Rogart and Ritchie, 1977). 
1 
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Myelin is an unusually stable membrane which undergoes far less 
turnover than other body components (Smith, 1968) This fact has brought 
researchers' attention to focus on the one period in which myelin is n•:ot-
abolically active-- "tvhen it is originally deposited around nerve fibers. 
In this dissertation, myelination will be investigated from a 
biochemical standpoint under normal and pathological conditions in an 
attempt to determine what types of stress can affect myelination and to 
what extent myelination can be rehabilitated after such a stress. 
Myelin and membrane structure 
The original scheme for membranes' molecular structure arose 
from observations of lipid molecules in an aqueous environment (Daniel-
li, 1975). Lipids found in membranes consist of nonpolar hydrocarbon 
combined with groups that take on an electrical charge-- generally phos-
phates. The polar group is hydrophilic and will mix with water while 
the hydrocarbon portion is hydrophobic and will orient itself a"tvay from 
water. Thus, in an aqueous environment, lipids may form spheroidal mi-
celles where the charged groups populate the exterior portion. Alter-
nately, lipid molecules will arrange themselves in a double layer where 
both surfaces ~ontain the charged groups and the nonpolar hydrocarbon 
tails face one another inside the bilayer. 
Having observed that lipid molecules orient themselves in this 
fashion, Davson and Danielli proposed a membrane model consisting of a 
lipid bilayer covered on both sides with molecules of globular protein 
whose hydrophilic surfaces attracted them both to water and to the po-
lar aspects of the lipid bilayer (Danielli and Davson, 1935). When it 
was discovered that proteins were bound to the lipid bilayer more tight-
r. 
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ly than by mere adsorption, the membrane model was revised by Danielli 
(1936). It was suggested that globular proteins were somehow unrolled 
so that their hydrophobic portions, usually sequestered to the mole-
cule's interior, could interact with the nonpolar interior of the lipid 
bilayer. Finally, the Davson-Danielli model was amplified to account 
for the virtual exclusion or retention by living cell membranes of com-
pounds that diffused through a lipid bilayer at intermediate rates. To 
explain this active "patches" or "pores" in the membrane were proposed 
(Danielli, 1954). These consisted of protein molecules originating at 
the membrane surface and unrolled so that their hydrophobic portions 
vlere interwoven with the lipid bilayer, forming gaps in the lipid bi-
layer lined all around with a protein lamella. 
This primitive membrane model does indeed explain many proper-
ties of the membrane. It has been experimentally demonstrated, however, 
that for a globular protein to exist largely in an unfolded configura-
tion is not thermodynamically feasible (Singer, 1975). Singer visual-
ized the membrane proteins to be globular and to exist in a folded con-
figuration so as to be amphipathic; the hydrophobic end would be em-
bedded in theoilayer while the hydrophilic end would be surrounded by 
the charged portions of the lipids and would project out into the aque-
ous medium. Freeze-fracture techniques which cleave the membrane be-
tween the two lipid layers have substantiated this theory, demonstrating 
proteins (so-called uintrinsic proteins") embedded deep in the lipid 
bilayer. These deeply embedded proteins comprise the membrane's active 
sites-- some span the entire lipid bilayer and play a significant role 
in membrane transport phenomena (Singer, 1971 & 1974). 
4 
One special group of membrane proteins-- the glycoproteins--
contain a large number of oligosaccharide chains attached at the hydro-
philic end of the protein. The hydrophilic portion of membrane proteins 
is in contact with the aqueous media; therefore it should not be sur-
prising that these membrane-bound sugars are involved in processes of 
cell recognition and iL~unologic reactions (Spiro, 1969a and b). 
The other category of membrane proteins, the peripheral or ex-
trinsic proteins, generally are totally hydrophilic in surface charge. 
They are loosely bound to the membrane, hence easily solubilized from 
the membrane, and generally play mechanical or enzymatic roles (Singer, 
1975). 
Membrane lipids can exist in two phases: a stable crystalline 
structure or a more fluid liquid-crystal state. The degree of fluidity 
of a given lipid bilayer is increased by raising the temperature, de-
creasing the chain length of fatty acids, or increasing the degree of 
unsaturation of fatty acids. Introduction of cholesterol to a lipid 
bilayer obliterates the sharp transition of lipids from crystal to 
fluid state and by interposing itself between fatty acid chains pre-
vents the formation of the orderly crystalline configuration. At the 
same time cholesterol can diminish the twisting and flexing motions of 
fatty acid chains surrounding it, lending a stabilizing effect to the 
lipid bilayer (Chapman, 1975). 
In the membrane model proposed by Singer (1975), individual 
intrinsic protein molecules, or aggregates of proteins in tight contact 
with one another float in this lipid bilayer. Depending on the state 
of fluidity, the protein molecules can migrate or diffuse in the lipid 
(!I!"• • 
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bilayer. However, there exists an asymmetry between the internal and 
external aspects of the membrane; intrinsic proteins embedded in the 
external half of the lipid bilayer can not "flip over" and the reverse 
is also true. In fact, one example of this phenomenon is the glycopro-
tein, which never has been demonstrated on the internal aspect of a 
membrane. Another example is the spectrin molecule found only on the 
inner surface of erythrocyte membranes (Singer, 1975). 
These fundamental membrane concepts may be applied to a study 
of the myelin membrane. 
Early X-ray diffraction studies of the myelin sheath revealed 
a period of approximately 170 A0 (the typical plasma membrane is 70-90 
A0 thick). The diffraction pattern was due to lipid molecules with 
chains radially directed in the sheath (Schmitt, Bear and Palmer, 1941). 
These X-ray diffraction findings were substantiated by electron micro-
graphs and myelin was graphically described as "concentrically wrapped 
layers of mixed lipids alternating with thin, possibly unimolecular 
layers of neurokeratinogenic protein" by Fernandez-Maran (1950). The 
definite existence of a lipid bilayer within the myelin membrane has 
' been substantiated more recently (Blaurock, 1971). The stabilization 
of long chain fatty acids by association with cholesterol (Firiean, 
1953) and interactions of proteolipid proteins in myelin (Finean, Haw-
thorne, and Patterson, 1956-7) demonstrate the parallel developments of 
information on myelin and membranes in general. It should be mentioned 
that many of these original studies involved sciatic nerve (i.e. peri-
pheral nervous system) myelin as well as optic nerve (central nervous 
system) myelin. While the timing, degree, and method of myelination 
!"" • 
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as Hell. as myelin composition, differ betVJeen the peripheral and cen-
tral nervous system, appearance of the myelin by electron microscopic 
or X-ray diffraetion studies is similar enough to apply to both. When-
ever mentioned subsequently in this dissertation, myelination of the 
central nervous system is to be assumed unless otherVJise specified. 
Myelination commences when a nerve fiber is surrounded by a 
cell process which envelops its circumference to form a mesaxon. The 
process is initiated when the fiber to be myelinated has acquired a 
diameter of approximately 1 micron (Peters and Vaughn, 1970). The 
mesaxon continues to elongate in a loose spiral about the nerve fiber 
to form several-many lamellae. The length of the myelin segment being 
formed appears to be related to the diameter of the fiber being myelina-
ted (Hess and Young, 1949). In central nervous system myelin observed 
under the electron microscope, more than 10-15 lamellae per segment are 
not commonly encountered. Eventually, cytoplasm is lost from the in-
side of this elongated cell process, leaving its two membranes, which 
are compacted together to form what is visualized by electron microsco-
py as the major dense line. In addition, each spiral of this cell 
process becomes compacted to the spirals adjacent to it, forming the 
intraperiod lines (Caley, 1967). 
That this "cell process" originates from the oligodendroglia 
was first suggested by Peters (1960) and later confirmed by further 
work. Nuclei are never seen, and mitochondria or endoplasmic reticula 
are rarely seen, in the cellular process connected to forming myelin 
sheaths. In 7-11 day old rats, the oligodendroglia! cells and myelin 
sheaths can be connected by a process ranging from infinitesimal length 
...... 
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to 10 microns. At this early stage of myelination in the rat, a cyto-
plasmic continuity can be seen between the spiralling process and the 
"tongue" on the outside of the sheath. Each myelin forming cell has a 
number of processes, and a cell has even been observed connected simul-
taneously with two separate sheaths (Peters, 1964). Additional evidence 
for the origin of the myelin sheath from oligodendroglia cells is the 
excellent correspondence between the location of oligodendroglia and 
the occurence of myelin the central nervous system (Bornstein and 
Murray, 1958; Bunge, 1968). More recently suggestions have been made 
that some myelin components have an extra-oligodendroglia! origin. 
This suggestion has been countered by radioactive studies showing that 
neurons do not make a significant contribution to the synthesis of 
myelin proteins and marginal radioactivity recovered in myelin may be 
due to contamination after isolation (Prensky, Fujimoto, and Agrawal, 
1975; Autilio-Gambetti, Gambetti and Shafer, 1975). 
That the original spirals of the myelin membrane are actually 
lengthened cell processes from the oligodendroglia ·which over a period 
of time exclude the cytoplasmic contents and become compact must be 
. 
kept in mind when considering the variety of myelin-related membranes 
and myelin density subfractioris which have been isolated ( to be dis-
cussed subsequently). This developmental process should also be re-
called when considering the changes in biochemical composition which 
myelin undergoes while being deposited (Norton, 1977). In a recent 
interesting study (Poduslo, 1975) a bulk isolation of oligodendroglia! 
cells was fractionated to yield a plasma membrane fraction and a myelin 
fraction. While multilamellar in appearance, the oligodendroglia!-
8 
associated myelin contained a high concentration of plasma membrane 
markers and a lipid composition intermediate between that of plasma 
and myelin membranes. 
It has been mentioned that cytoplasm becomes excluded from the 
myelin-forming cell process, as it is spiralling. Central nervous 
system myelin is characterized by the sparse quantity of cytoplasm 
associated with 'it after compaction (Peters, 1960 & 1964; Bunge, 1968). 
Cytoplasm remains as an "internal tongue" at the very end of the 
lengthening process adjacent to the axon, as pockets that lap over 
each other adjacent to the nodes of Ranvier (to be discussed) and as 
a thin ridge or "external tongue" on the outside of the myelin segment 
where the cell process leaves to connect with the parent oligodendro-
cyte. Hirano and Dembitzer (1967) did a thorough electron microscopic 
study of myelin formed in rats subject to noxious chemicals or patho-
gens. They proposed that the normal myelin sheath, when unrolled, 
appears like a shovel, whose handle would be the cytoplasm-filled proc-
ess connected to the oligodendrocyte with the sheath tapering down 
slightly in width, as it is unrolled. This entire "shovel" of com-
pacted myelin' is normally rimmed by a thin edge of cytoplasm, wliich 
appears in e.m. cross sections as the internal and externaL tongues, 
and overlapping loops at the side edges of the myelin segment. The 
altered appearance of myelin e.m. cross sections in the pathological 
conditions can be explained by a lack of myelin compaction in the main 
part of this shovel, leaving it available for cytoplasmic and/or cellu-
lar organelle intrusion. This description of the matured myelin sheath 
may help explain the appearance of radial thickenings reported in cen-
9 
tral nervous system myelin e.m. cross section by Peters (1961). 
While maturing, myelin sheaths increase both in length and in 
thickness. Since this is usually accompanied by an increase in the 
diameter of the axon being myelinated, it is believed that myelin 
lamellae can slip and readjust in relation to each other. 
The finished product of myelination, then, is the sheath of 
10-15 lamellae, or myelin periods. The period of myelin is defined as 
the distance from one major dense line (that is, the fused protein 
layer on the inside of the glial cell process) to the next major dense 
line. Traversing this distance, one encounters a lipid bilayer, a 
middle protein layer, the intraperiod line (that is, the fused external 
protein layers of two adjacent spiralling glial processes), and another 
lipid bilayer, before arriving at the next major dense line. The 
period of central nervous system myelin has been determined to be 107 
A0 average; peripheral nervous system myelin is similar in structure, 
but has a slightly larger period, 119 A0 average (Karlsson, 1966). 
While connections between the mature myelin sheath and the 
parent oligodendroglia could not be demonstrated by e.m. (Peters, 1964) 
it is known that the oligodendroglia! cell has a considerable ongoing 
metabolism, suggestive of myelin maintenance. In addition, it has been 
observed in disease processes that degeneration of oligodendroglia and 
degeneration of nearby myelin sheaths usually go hand in hand (Bunge, 
1968). In a deliberately induced central nervous system lesion accom-
panied by demyelination, eventual remyelination has been documented. 
Oligodendroglia did appear in the region of the lesion, and remyelina-
tion occurred by the same processes as original myelination (Bunge, 
10 
Bunge and Ris, 1961). These studies all suggest an active role of 
oligodendroglia not merelY. in elaborating the myelin membrane, but in 
maintaining the sheath in the adult nervous system, with a residual 
ability to elaborate more. 
At this point, a few words will be said about the functional 
role of the myelin sheath in the nervous system. 
Segments, or internodes, of myelin are not continuous over the 
length of a nerve fiber. The areas not covered by myelin are the nodes 
of Ranvier. TI1e edges of the myelin sheath to either side of a node of 
Ranvier are cytoplasm-filled overlapping loops. This is the paranodal 
region (Raine, 1977). In this area, specialized tight junctions and/ 
or desmosomes have been reported between the membranous loops themselves 
and the surface of the nerve fiber. The node region itself is relative-
ly unprotected membrane; this is in contrast to the peripheral nervous 
system where a covering of a different nature exists at the node of 
Ranvier. However central nervous system nodes, generally longer than 
those in the periphery, are not even covered by a basal lamina. 
From the descriptions given, one can see that the internodal 
periaxonal sp~ce is effectively sealed from the extracellular fluid; 
even the passage of ions is prohibited along the length of the myelin 
internode. In nonmyelinated fibers, the electrical event, or action 
+ + potential (a product of rapid Na and K ion fluxes across the mem-
brane) moves undisturbed down the nerve fiber. In a myelinated fiber, 
the ion flux can occur only at the non-insulated nodes of Ranvier, and 
the electrical event jumps from one node to the next-- hence the 
description as saltatory conduction. Saltatory conduction is more 
11 
rapid than continuous conduc::ion and is energy-sparing as the electrical 
event occurs over only a small portion of the nerve's surface (Rogart 
and Ritchie, 1977). 
A study of the relation bewteen axon diameter and conduction 
velocity in myelinated nerve fibers reveals a generally linear relation-
ship. In non-myelinated fibers, conduction velocity rises at a faster 
rate than this linear one up to a point, after which it levels off, 
regardless of the fiber diameter (Rushton, 1951). Curiously enough, 
the diameter where propagation becomes more efficient in a myelinated 
as opposed to a non-myelinated fiber is 1 micron-- the critical size to 
be reached before myelination begins. A vast amount of electrophysio-
logical research has been done testing the parameters of conduction 
velocity in the peripheral nervous system. The few studies done on the 
central nervous system by BeMent and Ranck (1969) concur. 
The development of this faster propagation method using myelin-
ated nerve fibers in vertebrates is not without its drawbacks. The 
relationship between the parent oligodendrocyte and the myelin sheath, 
the relationship between the myelin sheath and the myelinated nerve 
fiber it surronnds, and the components of the myelin sheath itself are 
all subject to immunological attack as well as genetic and metabolic. 
disorders. 
Biochemical composition: lipid 
In the previous discussion of membranes, it was mentioned that 
contact with, and interaction between the membrane and the aqueous 
environment was mediated by the protein molecules. Transport through 
pores, enzymatic reactions, and recognition phenomena are some of the 
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major roles of membrane proteins. Considering its job as a nerve fiber 
insulator, minimizing contact between nerve cytoplasm and the external 
environment, it should not be surprising that the myelin membrane has 
the lowest percentage of protein of any membrane studied thus far. 
Norton (1977) reports 30.0%, 24.7%, and 29.5% protein content in human, 
bovine, and rat adult central nervous system myelin, respectively. 
Contrast this with membranes such as the mitochondrial membrane which 
are highly metabolically active and contain greater than 50% protein 
as dry weight of the membrane. Adult myelin, then, is 70-75% lipid, 
depending on the species. Approximately 28% of this lipid is choles-
terol, 30% is galactolipid and the remainder is phospholipid. The 
majority of myelin galactolipids (approximately 75%) are cerebrosides; 
a much smaller proportion are sulfatides. Adult myelin phospholipids 
are 38% ethanolamine phosphatides, 26% choline phosphatides, 14% serine 
phospbatides, 6% inositol phosphatides, and 14% sphingomyelin on the 
average (Norton, 1977). 
Early interest in myelin chemical composition centered on lipid 
analyses-- often of white matter in. the brain, 50% of which is·myelin 
(Norton, 1976). Norton and Autillo (1966) report the presence of all 
common brain lipids in ox myelin. Polyphosphoinositides (Eichberg and 
Dswson, 1965) and gangliosides (Suzuki, Poduslo and Poduslo, 1968; 
Ledeen, Yu and Eng, 1973) were identified as some of the minor myelin 
lipid components. 
In comparison to whole brain white matter, myelin lipids have 
proportionally more cholesterol and phosphatidyl ethanolamine, with 
less sulfatides, lecithin, and phosphatidyl serine. The lipid composi-
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tion of central nervous system myelin from species to species (ox, man, 
rat, and guinea pig) is rE;.markably consistent, ,.,hile more variation 
exists in the protein: lipid ratio of CNS myelin. An analysis of the 
fatty acid composition of galactolipids (O'Brien, Fillerup, and Mead, 
1964) revealed few differences between grey and white matter, except 
the fact that the galactolipids are present 4-6 fold greater in white 
matter. Fatty acid chains ranged from 14 to 26 carbons; 24: 0 and 
24: 1 chains predominated. Some alpha-hydroxy and odd-carbon chains 
were reported. The fatty acid pattern for myelin ganglioside is simi-
lar to that of myelin galactolipids (Ledeen et al., 1973); since the 
ratio of hydroxy to normal fatty acids is somewhat closer to that of 
cerebrosides, it is proposed that cerebrosides are the precursor of the 
major myelin ganglioside, c7. 
The composition of adult myelin is not identical to its compo-
sition when originally deposited. Study of deposition of cholesterol 
in the developing brain shows ·two peaks,· the latter of which is related 
to myelination (Cuzner and Davison, 1968). However, once this initial 
developmental burst occurs, cholesterol levels are maintained as a 
fairly consta~t percentage of myelin lipids, up to 14 months of age in 
the rat (Norton and Poduslo, 1973b; Fishman, Agrawal, Alexander, Colter-
man, Martenson, and Mitchell, 1975). Central nervous system myelination 
in the rat begins around 10 days postpartum, with most active synthesis 
from 15 to 30 days postpartum. As myelination progresses, the percen-
tage of myelin lipids which are cerebrosides increases, while phospho-
lipid concentration in myelin decreases (Cuzner and Davison, 1968; 
Norton and Poduslo, 1973b). Sulfatides are the predominant brain 
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galactolipid just prior to onset of myelination in the rat (Norton and 
Poduslo, 1973b; Detering .q_nd Hells, 1976); it is proposed that sulfa-
tides play a significant role in a select pool of brain membranes. 
Once myelination commences, the concentration of cerebrosides increases 
four fold within 2-3 days in the rat (Detering and Wells, 1976). Few 
changes are seen in the myelin concentrations of phosphatidylethanola-
mine or plasmalogens, two other major myelin lipid classes (Norton and 
Poduslo, 1973b). 
Studies of human myelin reveal no change in galactolipid Qoncen-
trations as it matures; while overall phospholipid concentration in 
myelin decreases, some of the individual phospholipid classes, sphingo-
myelin and phosphatidyl serine concentrations increase with age (Fish-
man et al., 1975). 
Fatty acids associated with myelin lipids also show changes 
during brain development: a greater proportion of fatty acid chains 
are long-chain (ie. 20-24 carbons), are odd-numbered, become alpha-
hydroxylated or mono-unsaturated as myelin matures (O'Brien et al., 
1964; Cuzner and Davison, 1968). 
Due to its role as an insulator, it was once believed that 
myelin was metabolically active only during its original period of dep-
osition (ie. 10-40 days postpartum in the mouse and rat, or from the 
last trimester of pregnancy through the first year postpartum in the 
human). It was supposed that myelin maintained itself in an inert 
state once deposited. It is now known that myelin is deposited, though 
at a very slow rate, until at least 12 months in the mouse, 14 months 
in the rat, and until the late teens or early 20's in man (Norton, 
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1976). It has been proposed that the weight gain in brain once its 
original grmvth has all bttt stopped is due to accretion of myelin 
(Norton and Poduslo, 1973b). 
A number of metabolic studies of myelin lipids have been carried 
out, demonstrating that myelin is not a.s inert as originally proposed 
although when compared to other brain membranes, myelin is more meta-
bolically stable (Smith, 1968). It has been suggested that a fraction 
of myelin undergoes rapid turnover, with the rest being relatively 
metabolically stable (Davison and Gregson, 1966). While the di- and 
tri-phosphoinositides (Eichberg and Dawson, 1965), lecithin, and phos-
phatidyl serine (Smith, 1967) were shown to be rapidly metabolizing 
components of myelin, a pool of slowly turning over material including 
cholesterol (Smith, 1967; Banik and Davison, 1971), the other phospho-
lipids (Jungawala and Dawson, 1971), and the galactolipids (Smith, 1967) 
accumulate rapidly in the brain at the same time myelin doeso Similar-
ly, labelling fatty acids has shown a faster turnover of fatty acids of 
lecithin, the phosphoinositides, and phosphatidyl serine in myelin 
(Smith, 1967) . 
. 
Both Smith (1967) and Uzman and Rumley (1958-9) observed that 
the brain levels of certain lipids, especially cerebrosides, phospha-
tidyl ethanolamine, and cholesterol rise sharply in parallel to myelina-
tion, while the levels of the remaining lipids do not show any changes 
in parallel with myelination. Coincidentally, this latter group con-
tains the lipids with high metabolic activity, even in myelin. It is 
suggested that this bulk of lipids are already present in brain prior 
to myelination (Uzman and Rumley, 1958-9). Such a theory is consistent 
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with a study (Benjamins, Herschkowitz, Robinson and McKhann, 1971) 
using intracranial injecttons of puromycin. While accretion of labelled 
proteins in myelin was decreased 90% by this inhibitor, normal amounts 
of several lipids did appear in the myelin. The authors suggest a prior 
assembly of lipid molecules into a myelin precursor membrane. 
Biochemical composition: protein 
Central nervous system myelin contains a unique set of proteins 
which have been fairly well characterized and differ distinctly from the 
proteins identified in peripheral nerve myelin (Mehl and Wolfgram, 1969; 
Brostoff, Karkhanis, Carlo, Reuter, and Eylar, 1975). Briefly, CNS 
myelin proteins are composed of two main categories: the proteolipid 
protein with a molecular weight of approximately 24,000 and the basic 
protein with a molecular weight of approximately 18,000. The remainder 
of myelin proteins are a variety of high molecular weight (50-120,000) 
components, each representing a small percentage of the total protein. 
Since most of the myelin proteins, except basic protein, are 
not soluble in aqueous solution, the development of a good system for 
separation and identification of myelin proteins by polyacrylamide gel 
electrophoresis (Waehneldt and Mandel, 1972) was a major contribution 
to myelin research. When they have formed an aggregate with the deter-
gent, sodium dodecyl sulfate, proteins are separated on gels according 
to molecular weight. Using this technique, myelin protein distribution 
from brain and spinal cord of fetal calf, cow, man, rabbit, guinea pig 
and rat was studied (Morell, Lipkind, and Greenfield, 1973). They 
report few qualitative differences in central nervous system myelin 
proteins from the brain and spinal cord of the various species. A 
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certain amount of heterogeneity, (in some cases, two distinct bands) 
was reported for the prot~olipid protein. Morell reports a band of 
protein •.vhich migrates between the proteolipid and the basic protein; 
this intermediate protein is probably identical to the DM-20 protein 
reported by Agrawal, Burton, Fishman, Mitchell, and Prensky (1972). 
Morell et al. (1973) also confirm the presence of two basic protein 
bands in the rat previously reported by Martenson, Deibler, Kies, Mc-
Kneally, Shapira and Kibler, (1972). The larger of the rat CNS basic 
proteins .is comparable in size, electrophoretic mobility, and amino 
acid composition to that of other mammalian species. The smaller basic 
protein contains approximately 40 fewer amino acids, giving it a molecu-
lar weight around 14,000. Similarly, two basic proteins are found in 
mouse brain myelin (Morell, Greenfield, Constantino-Ceccarini and Wis-
niewski, 1972). 
The basic protein has probably been studied more than any single 
other component of the myelin membrane. The injection of central ner-
vous system myelin basic protein into an animal triggers an autoimmune 
demyelinating disease which for many years has served somewhat as a 
model for the'human demyelinating disease, multiple sclerosis (which is 
suspected to be autoimmune in nature). As a result, the amino acid 
sequences of human, rat, and bovine basic protein have been determined, 
and the encephalitogenic peptide has been identified (Eylar, 1970; 
Eylar, 1972; Martenson et al., 1972). In fact, the immunological re-
actions of this protein have been used to follow the course of myelina-
tion in the rat central nervous system utilizing a fluorescent anti-
basic protein anti-body (Kornguth, Anderson and Scott, 1966). 
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Studies of myelin high molecular weight proteins include iden-
tification of the Wolfgra~ doublett molecular weight 50-54,000 (Half-
gram, 1966); a myelin glycoprotein, molecular weight 110,000 (Quarles, 
Everly and Brady, 1972 & 1973); and two enzymes believed to be localized 
in the myelin sheath. A pH 7.2 dependent cholesterol esterase was re-
ported by Eto and Suzuki (1973); 2'3'- cyclic nucleotide- 3' phosphohy-
drolase ("CNP 11 ) was reported by Kurihara and Tsukada (1968) and Braun 
and Barchi (1972). These enzymes display an increase in activity para-
llel to myelination and an increase in specific activity as myelin is 
sequentially recovered from whole brain; their precise roles in myelin 
are not certain. The presence of all four of these high molecular 
weight proteins in mouse brain myelin has been reported (Horell et al., 
1972). 
Just as is seen with myelin lipid composition, myelin protein 
composition undergoes alterations with development. During the actual 
onset of myelination, reports conflict as to which of the major myelin 
proteins -- the proteolipid or the basic -- appear first. Both pro-
teins, however, have been reported to be present at the earliest stages 
of myelinatiorl (Morell et al., 1972; Fishman et al., 1975; Detering and 
Wells, 1976). As myelination progresses in the rat, concentrations of 
basic protein, especially the smaller (14,000) one increase; concomi-
tantly there is a decrease in the proportion of Wolfgram proteins, while 
the concentrations of the proteolipid and minor DM-20 proteins remain 
fairly constant (Zgorzalewicz, Neuhoff and Waehneldt, 1974). Similarly, 
shifts are seen in mouse brain myelin protein composition: basic pro-
teins increase from 18% at 8 days to 30% at 300 days; proteolipid pro-
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tein increases also, from 7% to 27%. Over this same period of time, 
the concentration of high molecular weight proteins declines (Morell 
et al., 1972). Both Morell g al. (1972) and Zgorzalewicz et al. (1974) 
suggest that the addition of basic protein to the membrane of the ali-
godendroglial cell process is one of the first steps, commiting the 
membrane to subsequent myelination. A study of human myelination (Fish-
man et al., 1975) shows a process similar to that in rodents; proteo-
lipid and basic proteins increase in concentration with age, and the 
high molecular weight proteins decrease proportionally. Fishman et al. 
---
(1975) found the basic protein comprises 8.5% of total human myelin 
protein at birth, and 30% by adulthood. 
Studies of the myelin associated glycoprotein in the rat 
(Quarles et al., 1973; Matthieu, Brady and Quarles, 1975) have demon-
strated a small but reproducible shift in its molecular weight with 
development. In 12 day old rats, just beginning to myelinate, the 
glycoprotein appears to have a slightly higher molecular weight than 
the corresponding band at 25 days. There is no further shift in its 
molecular weight after this age, and Quarles et al., (1973) have sug-
gested the molecular weight shift is due to a slight alteration in the 
glycoprotein's carbohydrate composition. Since glycoproteins are in-
valved in cellular surface recognition and contact phenomena, it is 
proposed that this glycoprotein is active at the initiation of a new 
myelin sheath and formation of the first few spirals (ie. at 12 days, 
in the rat) but not involved in the addition of new lamellae, or com-
paction of myelin (ie. 15-30 days, in the rat). 
Myelin proteins are not as metabolically stable as most myelin 
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lipids. The typical myelin protein half-life is 20-40 days while 85% 
of myelin lipids have a hq,lf-life of one year (Smith and Hasinoff, 
1971). However, both Druse, Brady and Quarles (1974) and Fischer and 
Morell (1974) observed that myelin proteins labelled at the onset of 
myelination (ie. 13-14 days) maintained or even increased their radio-
activity over a long period of time. When the proteins -- basic pro-
tein, proteolipid protein, and the myelin glycoprotein -- were labelled 
after the peak period of myelination, these most recent additions to the 
myelin membrane showed half-lives of less than 100 days. 
To summarize then, the central nervous system myelin membrane 
contains all of the common brain lipids, and a unique set of proteins. 
In the course of myelination, an increased percentage of the basic pro-
tein(s), galactolipids, and longer chain mono-unsaturated or alpha-
hydroxylated fatty acids are added to the membrane. Concomitantly the 
concentration of high molecular weight proteins and most classes of 
phospholipids in myelin decrease. This latter class of compounds seem 
to be fairly metabolically active while the compounds considered "char-
acteristic" or "myelin markers" (especially cerebrosides, cholesterol, 
and basic protein) turn over very slowly; their concentrations are .used 
as a measure of myelin maturity. 
At this point, a few words will be interjected on the sequence 
of myelination in the central nervous system. Three significant studies 
have followed the process of central myelination. Jacobson (1963) sim-
ply followed the appearance of myelin in the various tracts using the 
Weigert stain. In 1966, Kornguth et al. used a fluorescent anti-myelin 
basic protein antibody probe to study the appearance of myelin in brain 
21 
and spinal cord. Smith (1973) studied the chemical maturity of myelin 
isolated from spine, braiustem, cerebellum, cortex and thalamus slices 
over a wide range of ages. Results from all three studies are in agree-
ment. Myelin first reacted with the fluorescent probe on the last day 
of gestation in rat spinal cord. Myelination is initiated subsequently 
in the medulla, pons, midbrain, and telencephalon, in that order. There 
is even a documented pattern for the order of myelination in tracts: 
projection prior to association, peripheral prior to central, and sen-
sory prior to motor. Myelin from brainstem and spinal cord is metabol-
ically active at earlier ages than forebrain myelin. The trend of 
chemical maturity agrees with the anatomical demonstration of its path; 
forebrain myelin remained immature longer than hindbrain and spinal 
myelin. 
Attempts are now being made to integrate what is known about 
membrane structure in general with what is knmvn about myelin biochem-
istry. The two main myelin structural proteins are proposed to exist in 
a 1: 1 association (Crang and Rumsby, 1977). The proteolipid protein 
contains a large number of apolar amino acids, and probably has an am-
phipathic stru~ture when folded (Braun, 1977). This makes its role 
likely that of an intrinsic protein, its hydrophobic portion submerged 
in the lipid bilayer and interacting with the neutral lipids. Its hy-
drophilic portion can interact with the basic protein. Basic proteins 
are easily solubilized from the myelin membrane and probably serve their 
structural role as extrinsic proteins (Braun, 1977; Crang and Rumsby, 
1977). It is believed that basic proteins are present on the cytoplas-
mic side of the oligodendroglia! process (ie. the site of the major 
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dense line after compaction). Basic protein is known to have ionic 
interactions with the neg?tively charged phospholipids (especially the 
polyphosphoinositides) at its C-terminus (Eylar, 1970). Basic protein 
can also stabilize the membrane by hydrophobic interactions at its N-
terminus. It is thus suggested that the charged lipids (phosphatidyl 
serine, phosphoinositides, and sulfatides) represent the cytoplasmic 
side of the lipid bilayer where they interact with basic protein. Al-
ternately, the zwitterionic lipids (phosphatidyl choline and sphingo-
myelin) probably lie in the external side of the lipid bilayer. Cere-
brosides may be present on both sides of the lipid bilayer. The role of 
cholesterol is probably the same in myelin as in any other membrane--
to maintain the lipids in a fluid state and prevent too much mobility 
of the fatty acid chains at the same time. Lastly, it is \vell know-n 
that a great deal of hydrogen bonding is possible between rows of long 
chain saturated fatty acids. Myelin lipids are characterized by their 
high percentage of long chain fatty acids; these could impart a great 
deal of stability to the membrane. 
Myelin subfractions and myelin-like membranes 
It is how well established that central nervous system myelin 
is morphologically and biochemically heterogeneous. Myelin can be iso~ 
lated as a group of membrane fragments fractionated from homogenized 
whole brain by gradient density centrifugation. One of the original 
preparations of myelin (Autilio, Norton, and Terry, 1964) used a sucrose 
gradient continuous from 0.32M to 0.80M to obtaln myelin free from sub-
cellular contamination. Myelin has also been isolated as a discrete set 
of fractions recovered from a zonal centrifugation preparation (Shapira, 
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Binkly, Kibler, and Hundram, 1970) and as a single band after lengthy 
centrifugation on a disco~tinuous CsCl gradient (Detering and Wells, 
1976). The method used in this laboratory is that described by Norton 
and Poduslo (1973a) using a discontinuous 0.32M/0.85M sucrose gradient 
(see Materials and Methods). While other methods of myelin isolation 
will give total recovery, or total purity, or make other brain fractions 
simultaneously available, Norton and Poduslo feel that thEdr method is 
an optimal compromise. This·method will give good yields (60%) of high 
and fairly constant purity (95%) myelin in a short time. 
Recently, attention has focused on studies of density subfrac-
tions of the myelin membrane and on membranes close to the myelin mem-
brane in density which are dubbed "myelin-like" membranes. 
Isolated myelin consists of fragments of many densities within 
a known range. Various laboratories have chosen to study different 
density groupings of myelin fragments and unfortunately a nomenclature 
unique to each protocol has arisen. Myelin has been subfractionated 
into two (Autilio, Norton, and Terry, 1964; Agrawal, Trotter, Burton 
and Mitchell, 1974; Fujimoto, Roots, Burton and Agrawal, 1976), three 
(McMillan, Williams, Kaufman and Day, 1972; Matthieu, Quarles, Brady 
and Webster, 1973), and four (Benjamins, Miller and McKhann, 1973) mem-
brane populations. The method of subfractionation employed in this 
laboratory is that of Matthieu et al. (1973); purified myelin is frac-
tionated into light, medium, and heavy density populations (see Materi-
als and Methods). Repetitive washing andre-centrifugation of the sub-
fractions has demonstrated consistent migration of the membrane parti-
cles; separation is not based on aggregation artifacts. 
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Druse and Hofteig (1975) report that the proportion of myelin 
membranes of the three den»ities differs in the very young brain when 
compared to the adult brain. In rat brain just beginning to myelinate--
13 days postpartum-- 53% of the myelin isolated fell into the heavy 
range. As myelination continues, a greater percentage of myelin is 
recovered as intermediate (ie. medium) or light in density; myelin re-
covered from the young adult brain is predominantly light density myelin 
(Matthieu et al., 1973; Hofteig and Druse, 1976). Electron micrographs 
of light, medium, and heavy myelin subfractions from very young-- 14 
days-- and adult rat brain agree very well. The light fraction contains 
many large whorls of myelin which display the typical multilamellar 
periodicity; the heavy fraction contains fewer multilamellar fragments 
and a much higher proportion of single membranes and vesicles (Matthieu 
et al., 1973; Zimmerman, Quarles, Webster, Matthieu and Brady, 1975). 
The appearance of the medium fraction was intermediate between the light 
and heavy fractions. 
Since it is possible to isolate collections of myelin with 
differing densities, it should logically follow that the biochemical 
' 
composition of these myelin fractions will differ somewhat from each 
other. The percentage (of dry weight) of myelin which is protein was 
reported as 25% in light, 29% in medium, and 40% in heavy myelin in 16 
day old rats (Quarles, Pergamon Press, in press). Similarly in adult 
rat brain, light, medium, and heavy myelin contained 21, 27, and 33% 
protein, respectively. One can also note from this data that the com-
position of the myelin subfractions changes somewhat with age, each sub-
fraction containing slightly higher proportions of lipid in the adult 
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brain. In myelin subf:cactions isolated from mature rat brain, basic 
protein as percent total ~rotein declined sharply as myelin density 
increased; concomitantly the percentage of total protein represented by 
the high molecular weight proteins increased sharply as myelin density 
increased (Hatthieu et al., 1973). The percentage of total protein 
corresponding to proteolipid protein was slightly lower in heavy myelin 
(as compared to light and medium myelin) in immature rat brain (Zimmer-
man et al., 1975); in adult rat brain, myelin protein from all three 
--
density subfractions appeared to contain about the same proportion of 
proteolipid protein (Matthieu et al., 1973). In myelin from young ani-
mals, Zimmerman et al. (1975) were able to demonstrate a slightly higher 
molecular weight for the major myelin glycoprotein in the medium and 
heavy subfractions when compared to light myelin. Studies of adult 
myelin subfractions (Matthieu et al., 1973) show that the major glyco-
protein from the heavy subfraction has 3-4 times more carbohydrate than 
the corresponding glycoprotein in the light myelin subfraction. In all 
studies, a close correspondence was noticed between the distribution of 
this glycoprotein and that of the myelin associated enzyme, 2'3' CNP, 
in the myelin subfractions. 
For the most part, myelin subfractions obtained by other proto-
cols display biochemical relations and developmental trends similar to 
those seen in the subfractions of Matthieu et al. (1973) just discussed. 
Benjamins, Miller and McKhann (1973) isolate four myelin subfractions: 
"A", "B", "C", and "D", increasing in density. Agrawal et al. (1974) 
and Fujimoto et al. (1976) isolate three subfractions : "light myelin", 
"heavy myelin", and "membrane fraction". The ''D" myelin subfraction of 
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Benjamins et al_. (1973), the "membrane fraction" of Agrawal et al. 
(1974) and the "heavy" mya--lin subtraction of Matthieu et al. (1973) are 
isolated c::.t similar densities and should therefore be comparable in 
terms of biochemical composition and morphology. Similarly, the "B" 
plus 11C11 subtractions of Benjamins et al. (1973), the "heavy myelin" 
of Agrawal et a1:_~ (1974) and the 11light" plus 11medium" myelin subfrac-
tions of Matthieu et al. (1973) represent myelin fragments isolated in 
the same range of densities and though given different names by differ-
ent researchers should display similar properties. 
The lighter density myelin fractions are enriched in lipid 
(Autilio et al., 1964; Benjamins et al., 1973) and basic protein (Ben-
jamins et al., 1973; Fujiilloto et al., 1976) as compared to the heavier 
myelin fractions. These findings are identical to those reported by 
Hatthieu ~..!. al. (1973). The only dissimilar results are presented by 
Hd1illan, Williams, Kaufman, and Day (1972) who isolate three bands of 
myelin, 11 I 11 , "II11 , and "III11 which are identical in morphological 
appearance on electron micrographs. The results of these authcrs are 
not considered comparable to the others mentioned in this section, as 
the osmotic shock step to remove axonal contamination of the myelin was 
not carried out by these workers. 
The picture should be emerging that lightest density myelin, 
which is multilamellar in appearance and enriched with lipids and basic 
protein, resembles classical mature myelin. On the other hand, heavier 
density myelin fragntents contain a sizable portion of unilamellar struc-
tures and are enriched with high molecular weight proteins and phospho·-
lipids, typical of newly-formed myelin. Benjarnins et_ al. (1973) feel 
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their heavier fractions are enriched in myelin close to the oligodendro-
glial process (ie. newly forming) while the lighter fractions contain 
yp_yelin fragments well associated with the axon. This notion has been 
investigated further. 
Agrawal et al. (1974) carried out a brief metabolic study and 
noticed a more rapid incorporation of isotope into the heavier "mem-
brane fraction" than into myelin. The kinetics are consistent with a 
precursor role for this membrane in relation to myelin. 
Long term studies of metabolism in the three myelin subfractions 
of Matthieu ~ al. (1973) followed the accumulation of isotope after a 
single pulse in 12 day old rats (Druse and Hofteig, 1975; Hofteig and 
Druse, 1976). Total radioactivity continued to increase in all three 
subfractions throughout the 85 day interval studied. However the spe-
cific radioactivity peaked four days after the pulse in the medium and 
heavy subfractions and 12 hours after the pulse in the light subfrac-
tion. The authors suggest a membranous precursor to the heavier sub-
fractions which has a high specific radioactivity; the myelin-like 
fraction may play such a role. It is also suggested that the heavier 
' 
myelin membranes are subsequently converted to lighter myelin, which 
by morphologic and biochemical criteria is the most mature. 
To investigate the inter-relations of the myelin subfraction 
membrane populations, Benjamins, Miller and Morell (1976a) studied the 
entry of lipids into the subfractions. A similar investigation gauged 
the entry of protein into the subfractions (Benja~ins, Gray and Morell, 
1976b). Single isotope experiments showed the highest specific activity 
of phospholipids and galactolipids in the densest membrane subfractions, 
r 
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indicating that these subfractions contained proportionally more newly 
synthesized lipids. Doub~e label follow-up studies showed a simultane-
ous addition of phosphatidyl choline and galactolipid to all myelin 
subfractions. On the other hand, there was clearly a sequential addi-
tion of phosphatidyl ethanolamine and its plasmalogen indicating a pre-
cursor role for the denser membranes (Benjamins et al., 1976a). It is 
suggested that cerebroside synthesis in situ may be due to the associa-
tion of a ceramide galactosyl transferase with the myelin membrane. 
Likewise, the entry of proteins into myelin subfractions was investi-
gated (Benjamins et al., 1976b). Wolfgram and basic protein appeared 
to be added simultaneously to all subfractions. Proteolipid protein 
was added sequentially to the subfractions, again indicating that the 
denser membranes may be converted to the lighter membranes in a precur-
sor-product relationship. 
After the crude myelin fraction is osmotically shocked, a small 
family of membranes remain :i.n the supernatant when myelin is pelleted 
down. This fraction is isolated by centrifugation of the supernatant 
at high speeds; it is generally referred to as the "myelin-like" frac-
tion. Recovered in greater proportions from the brains of developing 
animals, the myelin-like fraction contains only traces of cerebroside, 
a virtual absence of basic protein, a high proportion of shorter chain 
fatty acids and high activity_ of 2'3' CNP (Banik and Davison, 1969; 
Agrawal, Banik, Bone, Davison, Mitchell, and Spohn, 1970; Agrawal, 
Trotter, Mithcell and Burton, 1973; Waehneldt, 1975). It has been 
suitably demonstrated (especially by the high activity of myelin-
associated 2'3'CNP) that the myelin-like membrane is not merely a 
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microsomal contaminant. The myelin--like membrane has a high phospho-
lipid: cholesterol ratio (Agra~.;ral et al., 1970 & 1973). Probably its 
most distinguishing biochemical characteristic, when compared to myelin, 
is its preponderance of high molecular weight proteins; 2'3' CNP, the 
myelin glycoprotein, and the Holfgram doublet are present in unusually 
high proportions in the myelin-like membrane (Agrawal et al., 1970 & 
1973; Haehneldt, 1975). 
Theories advanced concerning the role of this myelin-like mP.m-
brane are in reasonable agreement with each other. Agrawal et al. 
(1970) suggests that myelin-like material may be loose lamellae, easily 
removed by the osmotic shock, w'hich are in continuity with the glial 
plasma membrane on one side and ~.;rith compact myelin on the other. Simi-
larly, Waehneldt (1975) feels that the myelin-like membrane is probably 
a transitory stage that is converted to myelin by insertion of the major 
myelin proteins and lipids (especially basic proteins and cerebrosides, 
present only in trace amounts in the myelin-like membrane). Quarles 
(Pergamon Press, in press) suggests that the myelin-like fraction may 
contain membrane segments from the inner and outer loops of the com-
pacted sheath, from the paranodal region, and from processes connected 
to the oligodendrocyte. 
Sabri, Tremblay, Banik, Scott, Gahil and Davison (1975) used 
3H-lysine to study the metabolism of the microsomal, myelin-like and 
myelin fr~ctions of rat brain. Initial high specific activity in the 
myelin-like fraction was followed by a subsequent increase in radio-
activity of proteins in myelin itself which surpassed levels in the 
myelin-like fraction. Sabri et al. (1975) provide metabolic evidence 
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for conversion of the myelin-like membrane into myelin itself. Combin-
ing this concept with the ..precursor role of the heavier myelin subfrac-
tions into the lighter subfractions proposed by Druse and Hofteig (1975), 
Hofteig and Druse (1976) and Benjamins et al. (1976a and b), one will 
arrive at the picture of the myelin membrane currently held. That is, 
that isolated myelin and myelin related fractions constitute a continuum 
of membrane fragments, differing in morphological appearance and bio-
chemical composition. At one end of the spectrum is mature myelin (ie. 
the lightest density fraction) ~vhich contains the highest proportion 
of myelin markers-- cerebrosides and basic protein, the highest lipid: 
protein ratio, and an enrichment in compact multi-lamellar myelin whorls. 
The other end of the spectrum is represented by the .myelin-like mem-
branes and the heavier myelin subfractions. These membranes contain a 
high proportion of single-walled vesicles, the lowest lipid: protein 
ration, the highest proportion of high molecular weight proteins, and 
low levels of myelin marker compounds. 
CHAPTER II 
REVIEW OF RELATED LITERATURE 
Apart from the human disease multiple sclerosis and the experi-
mentally-induced encephalomyelitis in rat and guinea pig, most neuropath-
ologies are not primary disorders of myelination. However, problems with 
myelination can occur secondary to a number of human disorders including 
alcoholism, malnutrition, and a variety of inherited metabolic disorders. 
Until recently, myelin quantities in the brain were approximated 
by following the levels of myelin-marker compounds such as cerebrosides 
or cholesterol. Now myelin itself can be isolated and thus can be stud-
ied in much greater detail. Accordingly, a number of questions arise 
concerning the myelination process associated with some of the patholo-
gies that occur during the perinatal period. Is a normal amount of mye-
lin deposited? Is its biochemical composition normal when deposited? 
If a period of rehabilitation follows the stress in the perinatal period, 
will there be a permanent deficit of myelin? These questions have not 
been answered a?equately by past studies. It is hoped that a closer 
look at myelination, studying the metabolism and composition of density 
subfractions, can reveal the effects of .stresses varying in nature and 
severity during the perinatal period. 
Vulnerable period hypothesis 
In countless studies on the effects of various types of malnutri-
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tion, one fact has consistently emerged: brain weight is spared rela-
tive to body weight. Hmvev~r, the degree to \vhich the brain is spared 
can vary considerably with different nutritional stresses. In an at-
tempt to explain why this is so, the concept of the brain growth spurt 
was first put forward by Dobbing (1965-66). The brain gro\vth spurt is a 
relatively brief period when maximum accretion of brain solids occurs. 
Although the growth spurt occurs at different times in relation to birth 
and for different lengths of time, depending on the species being con-
sidered, it is now a well-documented phenomenon. 
This growth spurt is not to be considered a haphazard period of 
disorderly growth. Two parts of the brain growth spurt are generally 
recognized: initially, a sharp rise in DNA levels in brain occurs 
followed by a sharp increase both in cholesterol levels and cholesterol 
concentration in the brain (Dobbing, 1965-66). (At the time of this 
original work, cholesterol was considered almost exclusively a myelin 
marker). Myelination was considered the most significant process during 
the brain growth spurt; in a series of experiments, animals were mal-
nourished during the entire brain growth spurt period, the latter half 
. 
of this period, or after the growth spurt had ceased (Dobbing, 1965-66; 
Dobbing and Widdowson, 1965). Malnutrition during the brain growth 
spurt caused a decline in cholesterol levels from normal which was great-
er than the decrease in brain weight. Alternately, malnutrition which 
commenced after the brain growth spurt had passed resulted in increased 
cholesterol concentrations (ie. cholesterol sparing) in the bre.in. The 
degree of rehabilitation possible in the malnourished brains appeared 
to be related to both the timing (in relation to the brain growth spurt) 
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and severity of the stress. From these studies, it was concluded that 
the brain growth spurt was_ largely concerned with the accumulation of 
myelin; once it had been deposited it would turn over at very slow 
rates. This metabolic stability probably accounts for the resistance of 
the adult brain to nutritional stress. 
While it is now known that several important processes are 
occuring in the brain during the brain growth spurt and that myelin is 
not the inert membrane these researchers supposed, their studies led to 
a significant hypothesis which has been supported by experimental evi-
dence ever since. Davison and Dobbing (1966) suggest th&t the period 
of most rapid growth in the brain-- particularly the period of myelina-
tion-- is a uniquely vulnerable period. They propose, " even 
small restrictions imposed during this vulnerable period of brain devel-
opment may have lasting effects on subsequent intellectual capacity and 
physical growth of both brain and body " (Davison and Dobbing, 
1966). Davison and Dobbing state that if there is any period of lability 
for myelin it would have to be immediately prior to myelination (ie. the 
period when brain cellularity increases sharply and precursors for myelin 
may be pooled)'or during myelination itself. The timing of a stress in 
relation to this vulnerable period can allow one to predict (to some ex-
tent) the amount of damage to the braiu and the possibility of later re-
covery. That is, a less severe restriction can have worse effects than 
a very severe stress if the mild stress occurs during the vulnerable 
period. 
Since this hypothesis was forwarded, numerous investigators have 
varied the timing, nature, and severity of stresses in order to study 
the effects on brain and body growth and development. Unfortunately, 
every lab uses a differen~protocol to induce malnutrition, but some 
comparisons between the studies can be drawn anyway. 
Winick and Noble (1966) found that by applying nutritional 
stress to rats at different ages they were able to selectively reduce 
cell number or size in various glands and viscera; the vulnerable period 
hypothesis can be applied to any actively growing tissue. 
Winick (1970) defines the active growth process as consisting of 
three periods: first, cell hyperplasia; then a combination of hyper-
plasia and hypertrophy; l&stly, cessation of cell division and cell hy-
pertrophy alone. In the rat, cell division continues until 14 days 
postpartum in the brainstem, 17 days postpartum in the cerebellum, and 
21 days postpartum in the cortex. Cell division of neurons in rat brain 
is complete at birth in all areas but the cerebellum; in the cortex only 
oligodendroglia multiply postnatally while in the cerebellum both neurons 
and oligodendroglia are multiplying at 10 days postpartum (Winick, 1970). 
In addition, cortical cell migration from the ependymal (germ layer) 
zone is an actively ongoing process from 14 to 17 days postpartum in the 
rat. Myelination, as mentioned earlier, b~gins around 10 days postpar-
tum, and peak synthesis occurs at 20-25 days. Thus the brain growth 
spurt represents a series of precisely timed events: neuronal multi-
plication, primarily prenatal, is followed by oligodendroglia multipli-
cation, cortical cell migration, then myelination (Winick, 1970; Ghittoni 
and deRaveglia, 1973). In man, the same series of events takes place 
but the timing is different; brain cell division occurs through the first 
18 months postpartum and rapid accretion of myelin continues for a year 
35 
after cell division has ceased (Dobbing, 1970; Winick, 1970). What is 
significant about the timing of these events is that a concomitant 
stress can cause a decrease in cell number, a decrease in cell size, 
or both. Whether the size of individual cells or the total number of 
cells is altered will depend on whether or not the brain region is still 
in a period of active cell division at the time of the stress. 
Protein-calorie malnutrition 
Protein-calorie malnutrition is achieved experimentally by pro-
vid~ng less than adequate supplies of a well balanced diet. Prenatally, 
rat offspring can only be deprived indirectly, by mate1~al food depriva-
tion. During lactation, rat offspring can be malnourished by removal 
from the mother during a part of each day; by increasing litter size, 
generally to greater than 15 pups; or by maternal food deprivation during 
the lactating period. 0£ the latter two, maternal deprivation was found 
to be the more reliable method of retarding brain and body growth (Alt-
man, Das, Sudarshan, and Anderson, 1971). 
A study of intra-uterine protein calorie deprivation in the 
guinea pig (Chase, Dabiere, Welch and O'Brien, 1971) has demonstrated 
. 
a decrease in body weight, and decreases in brain weight, cellularity, 
protein, cholesterol, cerebrosides and sulfatides. While cellularity 
does not recover after several months, the myelin markers, cerebroside 
and sulfatide, do. 
Numerous studies of postnatal protein-calorie deprivation (gen-
erally in the neonatal period) have also demonstrated decreases in brain 
and body weight (Sereni, Principi, Perletti and Piceni-Sereni, 1966; 
Culley and Lineberger, 1968; Fish and Winick, 1969; Bass, Netsky and 
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Young, 1970) and total protein. Malnourished offspring display lower 
levels of total brain lipids (Fish and Winick, 1969), including de-
creased phospholipids (Dickerson anQ Dobbing, 1967; Culley and Line-
berger, 1968) and a deficiency of the myelin markers, cerebrosides 
(Dickerson and Dobbing, 1967; Culley and Lineberger, 1968; Ghittoni 
and deRaveglia, 1973) and cholesterol. In addition, activity of the 
microsomal fatty acid elongation system (Gross and Harshaw, 1975), 
activity of several enzymes needed for carbohydrate metabolism (Swaiman, 
Daleiden and Wolfe, 1970) and levels of acetylcholinesterase, norepi-
nephrine, and serotonin (Sereni et al., 1966) are depressed in the 
malnourished brain. Geison and lvaisman (1970) claim that brain pJ.as·-
malogens proteolipid proteins and galactolipids (ie. myelin markers) 
levels are the most deficient in the malnourished brain and may never 
recover. Few of the aforementioned protein-calorie deprivation studies 
are enthusiastic about the possibilities for rehabilitation of the brain. 
Studies of the effects of combined pre- and post-natal protein-
calorie deprivation have likewise shown a decrease in brain and body 
weight (Lee, 1970; Adlard and Dobbing, 1971). Brain RN~ synthesis was 
depressed and Changes in the metabolism and pattern of brain proteins 
(Lee, 1970) as well as activity of several brain enzymes (Adlard and 
Dobbing, 1971) were reported. Significantly, with the extended period 
of protein-calorie deprivation, not only was brain DNA content decreased, 
but also the average generation time of cells in the ependymal zone was 
increased (Patel, Balazs and Johnson, 1973; Lewis, Balazs, Patel 3nd 
Johnson, 1975; Shimada, Yamano, Nakamura, Morikawa and Kusunaki, 1977). 
These findings point to a serious problem at the first stage of the 
r 
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growth process; possibilities for catch-up in these brains seem slim, 
Protein deprivaticn 
Offspring can be deprived during the periods of gestation and 
lactation by feeding the mothers a diet containing sufficient calories 
but with a low proportion of protein. In most experiments, using this 
protocol, the diet contains approximately one-third the normal amount 
of protein. Protein deprivation of offspring after weaning can be 
continued by providing the low protein diet. 
Studies of maternal protein deprivation during gestation report 
findings in offspring not unlike those from mothers which had been pro-
tein-calorie deprived. Brain and body weight are decreased (Zamenhof, 
vanMarthens and Margolis, 1968; Zeman and Stanbrough, 1969; Rajalakshmi 
and Nakhasi, 1974) as are brain levels of DNA and protein (Zamenhof et 
al., 1968; Zeman and Stanbrough, 1969) and lipids (Rajalakshmi and 
Nakhasi, 1974). Hickey and Klein (1973) report that the prenatally 
malnourished brains have increased degradation ann turnover of ribosomes. 
Although brain cholesterol levels were reported to be beloK normal at 
birth (Dickerson and Pao, 1974), brain lipid concentrations were close 
to normal (Raj~lakshmi and Nakhasi, 1974) at that point. 
Likewise, offspring of mothers restricted to a low protein diet 
during lactation have lower brain and body weights than controls (Tyz-
bir and Dain, 1972). In contrast to prenatally protein deprived off-· 
spring these deprived in the postnatal period show decreased concentra-
tions of the main lipid classes (cholesterol, phospholipids, galacto-
lipids, and gangliosides) as well as decreased levels of these lipids 
in the brain (Rajalakshmi and Nakhasi, 1974). This alteration in lipid 
r 
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concentration would lead one to suspect that a lipid enriched structure 
is preferentially depresseq in the brain in this postnatal stress. A 
decline in myelination could account for these results. 
As might be expected, offspring of mothers restricted to a low 
protein diet during both gestation and lactation show the greatest 
deficits in brain development. Body and brain weight, brain DNA levels 
(Randt and Derby, 1973; Dickerson and Pao, 1974), and brain concentra-
tions of the main lipid classes (Rajalakshmi and Nakhasi, 1974) are 
decreased in the malnourished offspring by 21 days postpartum. Risto-
logical immaturity of the cortex and cerebellum in the deprived young 
has been reported (Stewart, Merat and Pickerson, 1974). Offspring of 
rr.others which were protein deprived throughout the perinatal period 
have increased levels of several amino acids (tyrosine, aspartate, 
glutamate and gamma-amino butyric acid) in the brain (Dickerson and 
Pao, 1974). It should not be surprising, then, that alterations in 
biogenic amine metabolism, electrophysiology, and behavior are reported 
in these offspring (Sobotka, Cook and Brodie, 1974; Stern, Forbes, Res-
nick and Morgane, 1974; Stern, Morgan, Miller and Resnick, 1975; Stern, 
. 
Miller, Forbes, Morgane and Resnick, 1975). 
Malnutrition and myelination 
Since the identification of the vulnerable period of brain 
growth as the period immediately prior to myelination and including 
myelination, the effects of various stresses during this vulnerable 
period on myelin formation have been studied. One of the earliest 
studies (Benton, Moser, Dodge and Carr, 1966) revealed that the myelin-
specific cerebrosides and proteolipid protein were reduced to a greater 
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extent than other brain lipids after a postnatal protein-calorie stress; 
histological staining of brain slices corroborated this finding. Using 
a similar malnutrition protocol, Chase, Dorsey and McKhann (1967) report 
a decrease in the synthesis of sulfatides in the malnourished brains. 
The main controversy between these studies is that Benton et al., (1966) 
claim, based on the concentration of myelin lipids in the brain, that 
a recovery of myelination occurred, while Chase et al., (1967) felt 
that the ability to synthesize normal myelin was never achieved. 
More recent investigations of the effects of nutritional stress 
have abandoned the use of whole brain myelin marker compounds; myelin 
itself is isolated and studied. As a result of maternal protein depri-
vation, a decreased myelin yield in the offspring was reported (Nakhasi, 
Toews and Horrocks, 1975). Concomitantly, activity of the myelin asso-
ciated enzyme, 2'3' CNP was decreased in the malnourished brains. Mye-
lin composition was immature; differences in myelin lipids included an 
increased phospholipid concentration and decreased galactolipid and 
plasmalogen concentrations (Nakhasi et al., 1975; Simons and Johnston, 
1976). Simons and Johnston (1976) feel that this altered myelin compo-
sition had undergone almost complete recovery by 120 days postpartum in 
the deprived rat brain. 
Much more work has been done on myelin of protein-calorie de-
prived offspring and several schools of thought prevail. While most 
researchers agree that there is a decreased yield of myelin from mal-
nourished brains, some (Fishman, Madyastha and Prensky, 1971; Fox, 
Fishman, Dodge and Prensky, 1972; Wood, 1973) claim the process is 
merely a decreased production of normal myelin membrane. Wood (1973) 
~ ) 
40 
found a decline of a histone-basic protein in the malnourished brains, 
while the appearance and a~unts of myelin proteins were normal. Con-
trary to this, a decrease in the active synthesis of myelin proteins 
and lipids and a decrease in the concentration of the basic and proteo-
lipid proteins in myelin from malnourished brains has been reported 
(Wiggins, Benjamins, Krigman and Morell, 1974; Wiggins, Miller, Benja-
mins, Krigman and Morell, 1976). There was not only a decreased propor-
tion of myelinated (as opposed to unmyelinated) fibers in the brain, 
the number of myelin lamellae per axon diameter was below normal in 
malnourished brains (Krigman and Hogan, 1976). Several investigators 
(Krigman and Hogan, 1976; Wiggins et al., 1976; Wiggins and Fuller, 
1978) feel that the primary problem in postnatal malnutrition in the rat 
is that of decreased or dysfunctioning oligodendroglia, and myelination 
is inhibited or retarded as a result. 
Wiggins et al. (1976) claim there is probably no process leading 
to net recovery of myelin in the malnourished brain. Nonetheless, 
reports of rehabilitation or recovery of myelin are very contradictory 
(Fishman et al., 1971; Wiggins et al., 1974 & 1976; Wiggins and Fuller, 
1978) and this area warrants further investigation. The possibly damag-
ing effects of malnutrition during the earlier part of the brain growth 
spurt (ie. prenatal period in the rat) on CNS myelination have been all 
but ignored. Also, it is felt by some that maternal protein deprivation 
in a calorically sufficient diet is translated to the offspring merely 
as a protein-calorie malnutrition. That is, mothers on the low protein 
diet produce less milk; if there is considerably less milk produced, 
suckling offspring may be starving for calories as well as protein 
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(West and Kemper, 1976). Yet, McLeod, Goldrick and Whyte (1972) found 
stunting of growth and reduction of organ size of a permanent nature 
in offspring of protein deprived mothers which was not seen in offspring 
of protein-calorie deprived mothers. A more detailed investigation of 
myelination in the maternally protein deprived offspring and comparison 
with the process in protein-calorie deprived brains could be very re-
vealing. 
A natural question to ask is, how applicable are animal malnu-
trition models to the human condition ie. will information obtained 
from experimentation be useful, practical? Dobbing (1970) feels the 
key to correlating human and animal data lies in comparing the timing 
of stress not to birth, but to key events in the brain growth spurt. 
One should also take into account differences in regional (ie. cerebral, 
cerebellar, etc.) cell proliferation or migration patterns between human 
and rat brain (Dobbing, 1970; Winick, Rosso and Waterlow, 1970). 
Malnourished human brain has a decreased lipid content; classes 
of lipids associated with myelin are the most severely affecte.d (Fish-
man, Prensky and Dodge, 1969; Chase, Welch, Dabiere, Vasan and Butter-
field, 1972). Proteolipid protein, plasmalogen, and the galactolipids 
were consistently decreased in total quantity or concentration in mal··· 
nourished human brain. Fishman et al. (1969) feel there is a good 
correlation between these findings and those reported for experimental 
animals. ~fuile transferring information from animal models to humans 
must be done with caution, hopefully some useful parallels can be drawn. 
Myelination is apparently a victim of nutritional stress during the 
perinatal period in man as well as in animals. 
, 
d' j 
42 
Hyperphenylalaninemia 
During the brain growth spurt, decreases in brain water content 
and concentration are paralleled not only by increases of lipid and 
protein concentration, but also by varying fluxes of brain electrolytes 
and amino acids (Vernadakis and Woodbury, 1962; Lajtha and Toth, 1973). 
It is agreed that entrance of amino acids into the brain and concentra-
tion of most amino acids in the brain are highest in the perinatal 
period (Guroff and Udenfriend, 1964; Lajtha and Toth, 1973; Sershen and 
Lajtha, 1976). However the uptake and distribution of various amino 
acids in very young brain is not merely a reflection of serum concen-
trations (Chirigos, Greengard, and Udenfriend, 1960). Both passive 
and active (ie. energy-requiring) mechanisms for transport of various 
classes of amino acids are believed to be in operation (Guroff, King 
and Udenfriend, 1961); neonatal brain may have special mechanisms for 
concentrating the essential amino acids, particularly neutral amino 
acids (Guroff and Udenfriend, 1964; Oldendorf, 1971; Lajtha and Toth, 
1973; Sershen and Lajtha, 1976; Miller, Leahy, Stern, Morgane ant! 
Resnick, 1977), in addition to mechanisms which are present in adult 
brain. The distribution of amino acids in the CNS during the perinatal 
period is significant; Korobkin and Cutler (1977) have demonstrated a 
distinctive maturational pattern for levels of every amino acid in the 
cerebrospinal fluid of neonatal rats which may be an age dependent phe-
nomenon. 
Changes in brain amino acid levels could result in abnormal 
neurotransmitter metabolism (James, Escourrou, and Fischer, 1978) and 
lead to pathology in neurotransmission. This notion is in agreement 
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with the finding of alt2red brain amino acid concentrations in animals 
highly susceptible to seizu:e -- the myelin-deficient nrutant mice (Sim-
ler, Randrianarisoa, Essayag, Ciesielski, Ledig and }1andel, 1975). 
It has been demonstrated that protein synthesis in the brain 
is sensitive to levels of the various amino acids (Roberts and Morelos, 
1965; Lajtha and Toth, 1973). Changes in brain amino acid pools may 
result in shifts in the metabolic rates of a number of pathways-- both 
synthetic and energy producing-- in the CNS. There are two circumstan-
ces in which brain amino acid levels have been shown to be significantly 
altered. A protein deficient dietary regime has been associated with 
changes in the concentration of amino acids and alterations in protein 
synthesis in the brain (Roberts and Morelos, 1965; Dickerson and Pao, 
1973). Since amino acids that are similar in size and native charge 
compete for the same active transport carriers into the brain, an excess 
of serum levels of one particular amino acid can block the entrance of 
related amino acids (Chirigos et al., 1960), disrupt the free amino 
acid pool in the brain (Carver, Copenhaver and Serpan, 1965) and in-
hibit cerebral protein synthesis (Peterson and McKean, 1969). The 
question of well-balanced availability of amino acids can not be under-
estimated, as the lack of even one amino acid required in a peptide se-
quence can alter the stability of the protein synthetic polyribosome 
complexes (Wunner, Bell and Munro, 1966). 
Both nutritional deprivation and altered serum levels of amino 
acids have been implicated in disrupting cerebral protein synthesis. 
Could there be a 'common pathway' linking the two types of stress? It 
is known that brain and serum concentrations of certain amino acids may 
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be directly proportional to dietary intake (Madigh, 1975). Miller 
et al. (1977) forward another interesting hypothesis linking malnu-
-- -
trition and effects on serum amino acid levels: malnourished animals 
have decreased amounts of serum albumin, therefore an amino acid which 
normally may be transported bound to albumin could be free in the serum, 
leading to increased serum levels of the particular amino acid(s). 
Apparently, both dietary deprivation and certain metabolic disorders 
can result in amino acid imbalance. 
If such a stress should happen to occur during the brain growth 
spurt, it would logically follow that the important processes going on 
at that time (ie. myelination) would be affected. Oldendorf (1973) 
suggests that saturation of amino acid carriers into the brain resulting 
from the preponderance of a single amino acid could result in a malde-
velopment of CNS function similar to that observed in the protein de-
ficient infant. Indeed, hypomyelination has been associated with both 
nutritional deprivation and amino acid disorders in man and experimental 
animals. Effects of nutritional stress during the brain growth spurt 
have been discussed previously. Genetic and experimental disorders of 
amino acid metabolism \vill be considered here. 
In man, most of the hereditary amino acid disorders are associ-
ated with mental retardation and/or blatant neuropathology. Phenylke-
tonl1ria, characterized by high serum levels of phenylalanine and its 
related metabolites, is probably the worst disorder (Tada, 1976). Other 
amino acid imbalance disorders can also have disastrous effects. Mental 
retardation has been associated with hyperglycinemia (Baumgartner, Ando 
and Nyhan, 1969); methylmandelicaciduria (Rennert, Julius, Aylsworth, 
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Williams and Greer, 1971); and hyperalaninemia (Lonsdale, Faulkner, 
Price and Smeby, 1969). Incoordination and behavioral disorders have 
:-
been seen in tyrosinemia (Kang and Gerald, 1970); hyperalaninemia 
(Lonsdale~ al. (1969); methylmandelic aciduria (Rennert et al., 
1971); hypovalinemia (Scott, 1964) and hyperglycinemia (Baumgartner 
~ al., 1969). The last two syndromes also present with myelin insta-
bility and degeneration (Scott, 1964; Rushton, 1968). 
Although the human metabolic disorder, phenylketonuria, can be 
alleviated by dietary alterations, its etiology is still a mystery. It 
was first characterized (Alvord, Stevenson, Vogel and Engle, 1950) by 
the appearance of phenylpyruvate in the urine, mental deficiency, and 
a marked lack of myelin, all due to recessive inheritance of a defect 
in the enzyme that converts phenylalanine to tyrosine (phenylalanine 
hydroxylase). With the exception of Foote, Allen and Agranoff (1965), 
most studies agree that there is a deficit of CNS myelin in PKU (Menkes, 
1967; Prensky, Carr and Moser, 1968; Shah, Peterson and McKean, 1972a). 
Studies of white matter in PKU brains reveal a decrease in the amount 
of total lipids (Prensky et al., 1968; Shah et al., 1972a), particularly 
-- --
a decrease in cerebrosides and cholesterol (Crome, Tymms and Woolf, 
1962; Prensky et al., 1968) as well as in proteolipid protein (Prensky 
et al., 1968). Crome et al. (1962) report a decrease in the number of 
myelinated fibers in the PKU brain. Is the myelin which is deposited 
normal? Menkes (1967) feels that the occasional finding of actual de-
myelination in the PKU brain is due to structurally unsound myelin. 
This is supported by findings of decreased amounts of long chain and 
monounsaturated fatty acids in the myelin from PKU brains (Foote et al., 
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1965; Jchnson, McKear. and Shah, 1977). However, Shah et al., (1972a.) 
feel that the myelin v.rhich is deposited, having a normal cholesterol: 
galactolipid ratio, is nonr.al (in composition) and \\That occurs in the 
PKU brain is merely an arrest of normal myelination. 
In an attempt to gain insight into the PKU syndrome, a condition 
of hyperphenylalaninemia has been induced in rats by a variety of meth-
ods including intraperitoneal injection of phenylalanine itself (Swai-
man, Hosfield and Lemieux, 1968; Clarke and Lowden, 1969; Aoki and 
Siegel, 1970; Siegel, Aoki and Colwell, 1971; Shah, Peterson and McKean, 
1972; Prensky, Fishman and Daftari, 1974; Geisen and Siegel, 1975; 
Mertin and Hunt, 1976; Hughes and Johnson, 1977). Injection of phenyl-
alanine analogs such as para-chlorophenylalanine (Foote and Tao, 1968; 
Coleman, Barnet and Boullin, 1970), L-benzylalanine (Grumer, Hetland 
and Costantini, 1971), and alpha-methylphenylalanine (Greengard, Yoss 
and DelValle, 1976) competitively inhibit phenylalanine hydroxylase, 
the enzyme which is deficient in PKU. Injections of both L-phenylala-
nine itself together with one of the analogs is thus optimal for simu-
lating the PKU condition, where blood levels of phenylalanine are eleva-
. 
ted and activity of phenylalanine hydroxylase is almost totally absent. 
Along with these in vivo experiments, a number of in vitro 
studies have been completed. Together, they have demonstrated that a 
number of serious disturbances can result from the hyperphenylalaninemic 
condition. Phenylalanine in excessive concentrations inhibits the 
transport into brain tjssue of other amino acids (Neame, 1961; Swaiman 
et al., 1968; McKean, Boggs and Peterson, 1968; Oldendorf, 1973); it is 
suggested that this alteration in brain amino acid pools rr.ay be respon-
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sible for the effects on cerebral protein synthesis seen in hyperphe-
nylalaninemia (Geison and Sjegel, 19l5). High levels of phenylalanine 
produce a disaggregation of polyribosomal complexes (Roscoe, Eaton and 
Choy, 1968; Aoki and Siegel, 1970; Macinnes and Schlesinger, 1971; 
Siegel et al., 1971; Hughes and Johnson, 1977); this may be a more 
direct explanation for the decrease in cerebral protein synthesis under 
those conditions. 
Not only high levels of phenylalanine, but also increased levels 
of two of its metabolites, phenyl pyruvate and phenyl acetate have been 
implicated in hyperphenylalaninemia (Weber, 1969; Perry, Hansen, Tisch-
ler, Bunting and Diamond, 1970). Brain hexokinase, pyruvate kinase, and 
pyruvate decarboxylation are all inhibited under conditions of excessive 
phenylalanine (Weber, 1969; Mertin and Hunt, 1976). The resulting de-
pletion of acetyl coenzyme A may account for the decreased lipid syn-
thesis including decreased levels of cholesterol, long chain fatty acids, 
and sulfatides (Foote and Tao, 1968; Mertin and Hunt, 1976; Sprinkle 
and Rennert, 1976). Alternately, disrupting these three enzymes in the 
brain could lead to a virtual shutdown of energy production, thus "star-
ving" the brain' (Bowden and McArthur, 1972). 
Some of the individual researchers prefer to think that one or 
the other of these particular disturbances (ie. amino acid imbalance, 
polyribosome disruption, diminished lipid synthesis) is the chief 
problem mediating the other symptoms in hyperphenylalaninemia. However, 
Menkes (1967) concludes that in the presence of unusually high concen-
trations of intermediary metabolites, a large number of enzymatic sys-
tems may be operating at less than optimal rates. The disruption of 
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pyruvate metabolism enzymes alone could generate very serious problems; 
altering the rate or direction of pyruvate metabolism might be capable 
of producing the disturbances in amino acid, anirr.e, and lipid metabo-
lism seen in hyperphenylalaninemia (Gallagher, 1969). This topic is 
still debated. 
The question regarding the nature of the hypomyelination secon-
dary to hyperphenylalaninemia is as unanswered by results from animal 
experiments, as by results from human PKU brains. Clarke and Lowden 
(1969) and Chase and O'Brien (1970) report sharp decreases in the brain 
content of the myelin marker compounds cholesterol and galactolipids; 
metabolic studies reveal that cerebroside synthesis is much more severe-
ly affected than brain lipid synthesis in experimental rats (Barbato, 
Barbato and Hamanaka, 1968). Alterations in oligodendroglia! cells led 
Waisman, Hable, Wang and Akert (1964) to propose subnormal or retarded 
myelination in the brain of hyperphenylalaninemic rats. Shah, Peterson 
and McKean (1972b) suggest that the unavailability of cholesterol limits 
the fo~mation of myelin in these rats, but the myelin that is formed 
has a normal composition. Countering this, Johnson and Shah (1973) 
. 
report a reduced proportion of long chain a.nd unsaturated fatty acids 
in myelin from the experimental rats. 
Whether or not normal myelin is synthesized under conditions of 
hyperphenylalaninemia should be easy to determine if more detailed 
analyses of myelin composition and metabolism are carried out. This 
will be attempted by studying the formation of myelin subfractions in 
the hyperphenylalaninemic brain. 
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Jimpy and Quaking mice 
Two models of hypomy~lination as a result of genetic inheritance 
have been favorite subjects of study in the lab. These models~ the 
Jimpy and Quaking mice, have provided considerable insight into proc-
esses related to myelination. 
The Jimpy trait is a sex-linked recessive where myelination is 
halted by 15 days post partum (Kurihara, Nussbaum, and Mandel, 1970) 
resulting in only 3-5% of normal myelin yield in the young adult animal 
(Eto and Suzuki, 1973; Matthieu, Quarles) Webster, Hogan and Brady, 
1974). Sharp decreases in the activity of the myelin associated enzymes 
2'3' CNP (Kurihara et al., 1970; Natthieu et __ ~l, 1974), ph 7.2-dependent 
cholesterol ester hydrolase (Eto and Suzuki, 1973), and galactosyl 
sphingosine transferase (Neskovic, Nussbaum and Nandel, 1970) are pro-
portional to the drastic decrease in myelin in the Jimpy brain. Tite 
largest deficit of lipid synthesis in the Jimpy brain is the synthesis 
of glycolipids -- particularly the myelin associated cerebrosides and 
sulfatides (Neskovic et al., 1970; Druse and Hogan, 1972). Metabolic 
study of Jimpy galactolipid synthesis shows it to be normal in the 
Jimpy brain 7-10 days postpartum; galactolipid synthesis then falls 
off sharply to 13% of normal by 13 days and 6% by 16 days (Druse and 
Hogan, 1972). Obviously the burst of galactolipid synthesis which 
normally occurs during myelination does not occur in Jimpy mouse brain. 
Little or none of the myelin glycoprotein, basic proteins, or proteo-
lipid protein we·re found in Jimpy myelin (Matthieu et al., 1974) •. 
Electron micrographs of myelin contain only uni- or bilamellar fragments 
(Kurihara, Nussbaum and Nandel, 1971; Hatthieu et al., 1974). In fact, 
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it has been suggested that the fraction recovered as .Jimpy myelin is 
either very abnormal myelin or myelin-like membranes, or totally non-
myelin in origin (Kurihara ~ al., 1971; Matthieu et al., 1974). 
In contrast to the almost absolute non-myelination of the Jimpy 
mouse brain, the Quaking mouse brain presents with a decreased CNS 
myelination which is now believed to result from an arrest in normal 
myelinogenesis. The Quaking is an autosomal recessive mutation, recog-
nizable by 12 days postpartum by the unsteady gait and tremor of the 
hindquarters in the mouse. 
Early studies of Quaking mouse whole brain demonstrated a de-
creased lipid content, which was predominantly a decrease in the galac-
tolipids (Baumann,_ Jacque, Pollet and Harpin, 1968; Hogan and Joseph, 
1970). In addition a decrease inC: 22 and C: 24 saturated and 
alpha-hydroxylated fatty acids esterifying whole brain cerebrosides 
and sphingomyelin was reported (Baumann et al., 1968; Joseph, Druse, 
Newell and Hogan, 1972). Quaking mouse brain was deficient in 2'3' CNP 
activity (Olafson, Drummond and Lee, 1969) and both synthesis and total 
brain levels of the polyphosphoinositides were also decreased (Hauser, 
Eichberg and Jacobs, 1971) in the Quaking mouse. The decrease in these 
myelin marker compounds (cerebrosides, polyphosphoinositides, long 
chain fatty acids, and 2'3' CNP) leads to the speculation that a defect 
in myelination occurs. Hogan and .Joseph (1970) observed that the indi-
vidual lipid constituents in the Quaking brain are present in normal 
concentrations at ages coincident with the ea~ly phase of active myelin-
ation; the significant finding is the failure of these lipids-- particu-
larly cerebrosides -- to increase as myelination continues in the normal 
r 
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brain. 
Of particular relevance to this study are the light and electron 
microscopic analyses of the myelin in Quaking mice (Samorajski, Friede, 
and Reimer, 1970; Wisniewski and Morell, 1971; Gregson and Oxberry, 
1972; Watanabe and Bingle, 1972) which revealed an apparent arrest in 
the growth and maturation of myelin. A majority of the axons had thin 
noncompacted sheaths, characteristic of very young animals; alternately 
sheaths showed random compaction with vacuolation and cytoplasmic in-
clusion. Quaking mice averaged approximately half as many myelin 
lamellae per axon as controls. These researchers agreed that there is 
an impairment of myelin synthesis, as no traces of active myelin de-
struction could be found. 
Subsequently, the myelin fraction was isolated from the Quaking 
mouse brain, and its composition determined. Quaking myelin yield is 
about 15-25% of normal in the young adult mouse, and appears to float 
at a slightly different density (Singh, Spritz and Geyer, 1971; Gregson 
and Oxberry, 1972; Druse and Hogan, 1974; Matthieu, Brady and Quarles, 
1974). Separation of myelin proteins by gel electrophoresis revealed 
a far greater pr6portion of high molecular weight proteins in the Quak-
ing br3in, accompanied by a slight decrease in the basic proteins and a 
significant, greater, decrease in proteolipid protein (Greenfield, Nor-
ton and Morell, 1971; Gregson and Oxberry, 1972; Druse and Hogan, 1974; 
Matthieu et al., 1974). Decreases in the amount of one of the Wolfgram 
proteins (Drus~ and Hogan, 1974) and ?lteration in the pattern of 
myelin glycoproteins (Matthieu et al., 1974) suggest the problem in 
myelination may lie in the initiation of myelin compaction. 
r 
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Lipids in Quaking mouse brain myelin reflect the changes seen 
in whole brain lipids. Quak~g myelin had a decreased proportion of 
lipid which probably accounts for its different flotation density. 
Decreases in cholesterol, phosphatidyl ethanolamine, and the glycolipid 
concentrations were reported (Singh et al., 1971; Gregson and Oxberry, 
1972), and a defect in fatty acid desaturation or chain elongation may 
be present in the Quaking mouse brain. 
The overall pattern of myelin proteins, prominence of high 
molecular weight proteins and phospholipids, and net quantities seem 
to indicate a similarity between Quaking mouse myelin and the myelin 
membrane isolated from very young (ie. 10 day old) brain. Whether or 
not the Quaking mouse is able to synthesize classical mature myelin 
has not been adequately determined. Studying the formation of myelin 
subfractions in the Quaking brain may help answer this question. ~~ile 
the hypomyelination in Quaking mouse brain does not have a known para-
llel in human brain, a closer study of the process may reveal a bio-
chemical deficit common to myelination problems in many species. 
r ; 
CHAPTER III 
MATERIALS AND HETHODS 
Animals 
Six different experimental protocols were employed in the peri-
natal period of the animals involved (see Table I). In four protocols, 
a maternal nutritional stress was utilized, having its effect on the 
offspring indirectly; in the remaining two experiments, the offspring 
received the primary stress. Sprague-Dawley albino rats (Holtzman 
breed, Locke-Erikson distributors, Helrose Park, ll.) were used in all 
the nutritional stress experiments. Control rat mothers had free access 
to regular rat chow (Purina Laboratory Chaw, Ralston-Purina, St. Louis) 
which contains 27% protein (casein), 59% starch, 10% vegetable oil, and 
4% vitamin and mineral supplement. Nutritionally deprived mothers were 
allowed the same chow, ad libidum, except during the actual period of 
deprivation. 
Prenatal protein deprived Experimental mothers in this group 
received 16 gram~/ day of a protein deficient rat chow-- \oThich contained 
8% protein (casein), 78% starch, 10% vegetable oil, and 4% vitamin and 
mineral supplement-- during the last 10-11 days of gestation. 
Postnatal protein deprived Rat mothers in this group received 
the protein deficient diet (8% protein, etc.) during the first 25 days 
postpartum. 
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Animal 
Sprague-Dawley rat 
Sprague-Dawley rat 
Sprague-Dawley rat 
Sprague-Dawley rat 
Sprague-Dawley rat 
Quaking mouse 
Maternal Stress 
16 grams/day low protein 
chow; l~st 10 days of 
gestation 
16 grams/day low protein 
chow; first 25 days 
postpartum 
12 grams/day regular rat 
chow; last 10 days of 
gestation 
9 grams/day regular rat 
chow; last 10 days of 
gestation 
none 
none 
TABLE I 
Offspring Stress 
indirect 
indirect 
indirect 
indirect 
Daily subcutaneous injec-
tion of 0.024 m mole 
alpha-methyl phenylalanine 
and 0.026 m mole phenylal-
anine per 10 grams body 
weight from 3 to 15 days 
postpartum 
Inborn recessive genetic 
error present only in 
the homozygote 
Control 
Sprague-Dawley rat; 
mother received nor-
mal rat chow, ad lib. 
II 
II 
Sprague-Dawley rat; 
pups receive daily 
subcutaneous injection 
of sterile saline 
from 3 to :5 days 
pos tpartu.tn 
Quaking mouse; litter-
mate pups that are 
normal 
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Mild prenatal protein-calorie deprivation Rat mothers received 
12 gram/day of normal (ie. 2]% protein) rat chow during the last ten 
days of gestation and lactation. 
Severe prenatal protein-calorie deprivation As the prenatal 
protein-calorie stress (12 grams/day) appeared to have moderate conse-
quences, a slightly more severe stress was employed. These rat mothers 
received 9 grams/day of normal rat chow during the last 10 days of ges-
tation. 
Direct metabolic disorders in neonatal animals \-7ere also em-
played to stress myelination. 
Experimental hyperphenylalaninemia ("PKUn) Rat mothers {also 
Sprague-Dawley albinos) were not stressed in any way. Rat pups received 
a subcutaneous injection every 24 hours of a solution containing 0.024 
m mole of D,L alpha-methyl-phenylalanine (Research Organics Inc~, Cleve-
land, Ohio) and 0.026 m mole of L- (-) phenylalanine (Eastman Kodak Co., 
Rochester, NY) per 100 microliters of sterile saline~ Rat pups received 
100 microliters of this solution per 10 grams body weight from 3-/~ days 
of age to 15 days of age. Corresponding controls for these animals re-
ceived daily subcutaneous injections of 100 microliters sterile saline 
per 10 grams body weight at the same ages. This method was first de-
scribed by Greengard, Yoss and DelValle (1976) to simulate the human 
condition of phenylketonuria by raising blood levels of phenylalanine 
and inhibiting the enzyme phenylalanine hydroxylase. Previously, injec-
tions of phenylalanine alone, para-ch1orophenylalanine, and L-benzylala-
nine (Foote and Tao, 1968; Guroff, 1969; Grumer et al., 1971; Geison and 
Siegel, 1975) were employed experimentally to simulate accumulation di-
r 
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seases. However, Greengard et al. (1976) and others t.a,re shown that 
injection of phenylalanine alone cannot maintain high serum levels of 
this compound for an extended period of time. Inject.:ion of the other 
compounds produces additional side effects which are not. pertinent to 
the phenylketonuric syndrome. 
Quaking mice A mouse colony was maintained; breeders were ori-
ginally obtained from Jackson Laboratories, Bar Harbor, Maine. The 
Quaking trait is an autosomal recessive, present in the homozygote and 
identifiable by 10-11 days of age by an axial tremor :in the mouse. As 
previously discussed, dysmyelination is characteristic of the Quaking 
mouse. Experimental mice used in this study were the homozygotes with 
the inherited metabolic disorder. Controls investigat:ed simultaneously 
were the littermate heterozygotes and homozygous normal mice. Mothers 
had free access to regular rat chow and were not stressed in any way. 
In all groups of experimental anj.mals s litter ~jzes were adjusted 
at birth to 10 or 13 pups and each corrc~sponding contn>l U tt.er was pt·e~ 
cisely matched :i.n size. 
Isotopes 
Two isotopes were utilized in these experiment:s as protein pre-
cursors. For studies involving the quakhlg mice and Tllaternal nutritional 
deprivation (both protein- and protein calorie), I.-[4,5 -~ 3111 leucine 
at 47.6 Ci/m mole was purchased from International Chemical and ::-ruclear 
Corp. (Irvine, Calif.). For the experimental hyperphenylalaninemia 
studies, the smallest amino acid was chosen to be the SO\Jrce of radio-
activity in protein in an attempt to avoid saturating carriers of the 
large non-polar amino acids across the blood brain barrier. Hence, 
,. 
:;.: 
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2-[ 3H] glycine at 23 Ci/m mole, purch~sed from Amersham-Searle (Arling-
ton Heights, Il.) was used. 
In all studies except that involving the quaking mice, D - [U 
14c] glucose (210 mCi/ mole) purchased also from Amersham-·Searle was 
the choice of isotope for incorporation into lipids. It was previously 
determined in this laboratory (Hofteig and Druse, 1976) that 70% of the 
recovered activity of 3H in myelin was incorporated into proteins, and 
30% into lipids. Likewise, it was determined that 90% of the 14c acti-
vity recovered in myelin was incorporated into lipids and only 10% was 
incorporated into proteins. It appears that the isotopes selHcted are 
reasonably good precursors for their respective target compounds. 
Radioactive compounds, as purchased from the companies~ were 
dried under nitrogen, diluted with the corresponding nonradioactive 
compound, and brought up to volume with physiological saline to give 
the following injection mixtures: 
Quaking mice Each pup received 40 microcuries of I.-- [ 4 ,5 - 3u} 
leucine (100 mCiimole). 
Maternal nutritional stresses Each pup received 150 microcurfes 
of L-[4,5 - 3H] ieucine and 20 microcuries D -[U- 14c] glucose (10 mCi/ .. 
m mole). 
Experimental hyperphenylalaninemia Each pup received 200 micro-
3 
curies of 2 -[ H) glycine (25 mCi/ m mole) and 20 microcuries of D -[U-
14c] glucose. 
All animals receiving injections of isotope were treated similar-
ly. All received the specific dose of isotope (see above) in 10 micro-
liters of 0.85% (w/v) saline in a single intraventricular injection 
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given to the right of the midline of the skull as an 18 hour pulse. 
Various ages were selected t-o study myelination and myelin subfraction 
formation in the experimental animals (see Table II). Hence, 18 hours 
before a selected age point for myelin isolation, an injection of the 
particular isotope was given to three or six pups, each one of which 
would furnish an individual data point. Some animals at older ages 
(ie. 42d, 53d, llOd) were not injected with isotope. As a result of the 
thickness of the skull combined with the slower adult metabolic rate of 
myelin, there was too much variation in the amount of radioactivity re-
covered from individual myelin samples. However~ myelin was still :f.so-
lated and subfractionated from these older animals for quantitative stu-
ies. 
While several different systems of sample preparation or solu-
bilization were employed (described in detail for the particular proce-
dures), one fluor was used for all scintilllation counting~ 
Scintillation fluor 
Toluene: one gallon plus an additional 200 ml of scintillation grade 
(Mallinckrodt, St. Louis, MO.) 
. 
2,5 Diphenyloxazole (PPO): 16 grams of scintillation grade (Amersham-
Searle, Arlington Heights, IL.) 
p-his 2-(5- phenyloxazolyl)-benzene (POPOP): 0.4 grams scintillation 
grade (New England Nuclear, Boston, MA.) 
Approximately 10 ml of this fluor were added to each scintillation vial 
to be counted. 
Instrumentation A Beckman LS-250 liquid scintillation counter 
was used in all determinations of radioactivity in these experiments. 
Animal 
rat 
rat 
rat 
rat 
rat 
mouse 
Protocol 
prenatal protein 
deprived 
postnatal protein 
deprived 
mild prenatal 
protein-calorie 
deprived 
severe prenatal 
p:;:otein-calorie 
deprived 
experimental 
hyperphenyl-
alan;f,neU1ia 
genetic quaking 
disorder 
TABLE II· 
ISOTOPE INJECTION AND MYELIN ISOLATION 
Isotope received 
(in 10 microliters 
saline) 
150 microcuries 3H 
leucine1· 20 micro-curies 4c glucose 
II 
200 microcuries 3H 
glycinei420 micro-eu~ies C glucose 
40 microcuries 3H 
leucine 
Ages of injection 
(days postpartum) 
16, 24, and 51 
14, 16, 24, and 
52 
14, 17, and 24 
14, 17, 24, and 
52* 
14, 17, 20, and 
24 
20 
Ages of myelin 
isolation 
(days postpartum) 
17, 25, 52, and 
112 
15, 17, 25, and 
53 
15, 18, and 25 
15~ 18, 25, and 
53 
15, 18, 21, 25' 42 
and 110 
21 
*Radioactive controls were. a.lso studied at 21 and 40 days postpartum 
Litter size 
12 
12 
10 
10 
10 
not altered 
r 
60 
It was determined (Druse, unpublished results) from a quench correction 
curve that approximately 5.Q% of 3H activity was recovered in the 14c 
channel and 14.7% of the 14c activity was recovered in the 3H channel 
when the following settings were used: 
Gain Setting: 550 divisions 
External Standard Ratio Setting: 0.784 
Automatic Quench Control Setting: 800 divisions 
Fixed Discriminator Channel Isosets: Channel A-- 3H below 14c; 
Channel B-~ 14c above 3H 
Counting Mode: Auto + standard ie. external standard ratio is deter-
mined automatically 
These settings were employed in the counting of all radioactive samples 
in these experiments. Data from the counter-- counts per minute-- were 
converted to disintegrations per minute based on the observed spill 
from one channel to another. 
Myelin Isolation 
Eighteen hours after injection of isotope, and at several other 
selected ages, (ie. at 15, 18, 21, 25, 42 9 53, or 110 days postpartum) 
animals were sacri.ficed by decapitation. (see Isotope Injection and 
Myelin Isolation Chart, Table II) Wet brain weights were obtained at 
this time. If pups were sacrificed prior to weaning of the litter (21-
23 days), marked replacement pups of the same age were substituted in 
order to maintain valid litter sizes. Three to six samples of myelin 
were isolated and examined at each age. All samples contained myelin 
from a single brain with the exception of the very young age (15 days) 
in which two brains were homogenized simultaneously for each sample and 
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in the isolation of myelin from the Quaking mouse brains in which non-
radioactive adult rat brain was homogenized with the radioactive mouse 
brain. The abundant rat brain myelin helped to act as a "carrier" for 
the sparse mouse brain myelin during centrifugation steps. For each 
experimental group of animals, a comparable set of control animals was 
examined. 
Immediately following decapitation, brains were removed and 
weighed, and the myelin isolation initiated. At all times during myelin 
isolation, subfractionation, and storage, the tissue was maintained at 
0-4°C if not colder. Myelin was isolated by the method of Norton and 
Poduslo (1973). Whole brains were immersed in 18.0-18.5 ml of 0.32M 
sucrose and a 5% (w/v) brain homogenate was prepared by blending in a 
conical glass tube with a power driven tightly-fitting teflon pestle 
(Kontes Glass Co., Vinland, NJ) until a homogeneous dispersion was 
achieved (2-3 minutes). One ml of this brain homogenate was drawn off 
and saved for total brain protein and/or radioactivity determinati.ons. 
The remainder was layered over 0.85 M sucrose. The volumes in this,. and 
subsequent steps, varied depending on the rotor, and hence the tube size 
used in the prep'aration. Using an SW-25 .1 swinging bucket rotor,. the 
homogenate was layered over 12 ml of 0. 85M sucrose and centrifuge:!d at 
23,500 RPM (56,000 g-avg.) for 45 minutes. Alternately, using an SW-27 
swinging bucket rotor, the brain homogenate was layered over 17 ml of 
0.85 M sucrose and centrifuged at 25,000 RPM (82,000 g-avg.) for 40 min-
utes. In this, and all centrifugation steps described, maximal accelera-
tion of the rotor was employed. 
Crude myelin was recovered from the interface, and dispersed in 
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approximately 35 ml of ice-cold distilled water by hand homogenization 
in a glass round-bottomed tube with a loosely-fitting pestle (Dounce 
;.. 
homogenizer, Kontes Glass Co., Vinland, NJ) • The samples were centr:i.-
fuged for 30 minutes either in an SS-34 fixed angle rotor at 17,500 RPM 
(28,200 g-avg.) in a Sorvall centrifuge, or in an SW-27 rotor at 25,000 
RPM (82,500 g-avg.) in a Beckman ultracentrifuge. In this, and the 
following "pelleting" steps, maximum braking was used after centrifuga-
tion. Crude myelin was collected as a pellet, redispersed in approxi-
mately 35 m1 of ice-cold water, and osmotically shocked~ again using a 
Dounce hand-held homogenizer. This was followed by a slower centrifur,a-
tion of the samples for 20-25 minutes either at 10,000 RPM in an SW-27 
rotor or at 12,000 RPM in an SS-34 rotor (g-avg. 13-14,000): 
Osmotically shocked myelin was recovered as a pellet, suspended 
in 0.32 M sucrose to give a total volume of 20 ml, and rendered into a 
homogeneous dispersion using a hand-held homogenizer. The 0.32 M su-
erose homogenate was layered over 0.85 M sucrose and centrifuged as de~ 
scribed previously. Purified myelin floated at the interface; it: '11as 
drawn off with a :Pasteur pipette, suspended in 35 ml of ice-cold dis-
tilled water and'pelleted by centrifuging for 30 minutess also described 
previously. 
With the exception of myelin samples from very young animals, 
purified CNS myelin was immediately subfractionated using the method of 
Matthieu et al. (1973). The purified myelin pellet was taken up in a 
total volume of 12 ml of 0.32 M sucrose and dispersed using the hand-
held homogenizer. This was carefully layered over a previously prepared 
gradient consisting of 0.62 M sucrose layered over 0.70 M sucrose either 
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10 ml or 12 m1 apiece depending YThether the SW 25.1 or SW 27 rotor was 
used, respectively. The thr~e-layered gradient was centrifuged at the 
same speed described for the two-layered gradient. At no time was 
braking used for this centrifugation. Light myelin was drawn off with 
a Pasteur pipette at the 0.32 M/ 0.62 M sucrose interface. Medium mye-
lin was similarly drawn off at the 0.62 M/ 0.70 M sucrose interface. 
Heavy myelin was recovered as a pellet, representing a density between 
0.70 M and 0.85 M sucrose. Separate myelin subfractions were suspended 
in ice-cold distilled water and pelleted for 30 minutes aH described 
previously. Washed myelin subfractions were taken up to a volume of 
2.0 m1 in ice-cold distilled water and frozen, generally at -20°c. Ali-
quots of these myelin subfraction samples were used for determining ra-
dioactivity (ie. isotope incorporation) and total protein. For the re-
maining procedures, the myelin subfraction samples were lyophilized. 
The methods involved in these studies will be described separately. 
Incorporation of Radioactivity 
Aliquots of 100 microliters of the myelin subfraction samples and 
brain homogenate samples were pipet ted into scintillation v:i.als. One ml 
of NCS Tissue Soiubilizer (Amersham-Searles Arlington Heights, IL) and 
100 microliters of 0.1 N acetic acid were added to the vials in that 
order, and vials were vortexed briefly. Lastly, 10 ml of scintillation 
fluor were added and the samples were allowed to dark adapt a minimum 
of 12 hours. 3 14 Incorporation of H and/or C into myelin subfractions 
and brain homogenates was then determined by scintillation counting. 
Total protein assay 
Aliquots of whole brain homogenate (5 microliters) and myelin 
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subfractions (between 10 and 60 microliters) were portioned out and to-
tal protein was measured by~ modification of the method of Lowry, Rose-
brough, Farrand Randall (1951). 
1 Normal Sodium Hydroxide: 40 g NaOH (Mallinckrodt, St. Louis) brought 
to a volume of one liter with distilled water 
2% Sodium Potassium Tartrate: 20 g of NaKC4H4o6 - 4H2o crystals (Mallin-
ckrodt, St. Louis) brought to a volume of one liter with dis-
tilled water 
1% Cupric Sulphate: 10 g Cuso4 powder (Mallinckrodt, St. Louis) brought 
to a volume of one liter with distilled water 
2% Sodium Carbonate: 20 g Na2co3 (anhydrous, Mallinckrodt, St. Louis) 
brought to a volume of one liter with distilled lvater 
1 Normal Phenol Reagent: 2 Normal Folio Phenol Reagent (Folin & Ciocal-
teu Phenol, Harleco, Philadelphia, PA) diluted 1:1 (v/v) with 
distilled water and kept refrigerated 
Albumin Standard: 10 mg human serum albUlllin (Sig1lla Chemical Co., St. 
Louis; stored desiccated, 0-4°C) dissolved in distilled water 
to give a concentration of 1 mg/ml and kept refrigerated 
Sodium Potassium Tartrate: Cupric Sulphate: Sodium Carbonate 
(0.1: 0.1: 10.0 v/v/v): prepared immediately pri.or to use, 
solutions previously described are added in this order, in 
the proportions mentioned 
Either 10-60 microliters of myelin subfractions, 5 microliters 
of brain homogenate, or 10-60 micrograms of human serum albumin were 
measured into disposable test tubes, 100 microliters of lN NaOH was 
added to each tube; the tubes were vortexed and then allowed to stand 
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for 30 minutes. One m1 of the tartrate-cupric sulphate-sodium carbonate 
solution was added to each tube. The tubes were mixed on a vortex mixer 
and allowed to stand for 10 minutes. Then to each tube, 100 microliters 
of lN Phenol reagent was added followed immediately by vigorous vortex-
ing. After a 30 minute wait, 1 m1 of chloroform was added to each sam-
ple to extract lipids and clarify the aqueous phase. Samples were vor-
texed briefly and centrifuged at low speed for 10-15 minutes in a coun-
ter-top centrifuge. Absorbance of the clarified aqueous phase was then 
read at 700 nm against a reagent blank. 
Electrophoresis 
Prior to separation of myelin subfraction proteins by electro-
phoresis, the samples were lyophilized and delipidated using the proce-
dure of Greenfield, Norton and Morell (1971). To each sample containing 
1-3 mg of myelin protein, 1-2 ml of ether:ethanol (3:2 v/v) were added. 
The samples were alternately mixed on a vortex mixer and allowed to 
stand for a period of 1-2 hours. Samples were then centrifuged for 20 
minutes at approximately 3000 RPM in a counter-top centrifuge. The su~ 
pernatant containing extracted lipid was drawn off with a Pasteur pipette 
and discarded. 'One or two additional ml of ether:ethanol (3:2 v/v) were 
added to each pellet and the process was repeated. After the second 
extraction the pellet containing myelin protein was dried under n1.trogen •. 
Myelin proteins were then solubilized by the method of Quarles 
et al. (1973). Solubilizing Solution: 
5% Sodium Dodecyl Sulphate: 5 g SDS (technical grade, Matheson, Coleman 
and Bell, Norwo.od, Ohio) in a total volume of 100 ml 
10% Sodium Carbonate: 10 g Na2co3 anhydrous powder (Mallinckrodt, St. 
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Louis) brought to a volume of 100 ml 
Beta- mercaptoethanol: prac;.tical grade, full strength (Matheson~ Cole-
man and Bell, Ohio) 
Five m1 of the 5% SDS, one ml of 10% sodium carbonate, and one rnl of 
beta-mercaptoethanol were combined and brought to a total volume of 
lOml. This solution was prepared fresh each time gels were run. Approx-
imately one microliter of the solubilizing solution was added per two 
micrograms myelin protein in the sample. The samples were vigoro.usly 
vortexed and allowed to stand 1-2 hours until the protein had been com-
pletely solubilized. 
Solubilized protein samples \-lere transferred to individual 
sacks of dialysis tubing and dialyzed for a minimum of 12 hours against 
a volume 1:100 of solubilizing solution: dialyzing solution. 
Reagents 
1M Phosphate buffer (pH 7.2): 39.0 g NaH2Po4 ·H20 (Mallinckrodt:) and 
192.0 g Na2HP04 ·7H2o (Mallinckrodt) brought to a volume of one 
Hter in distilled water and calibrated with a pH meter (Corning) 
8M Urea: 480.5 g CH4N2o (ultra-pure grade, Sch~-Tarz/Mann, Orangeburg,. 
NY) brought to a volume of one liter with distilled water 
5% Sodium Dodecyl Sulphate: described previously 
Dialyzing Solution 
10 m1 lM phosphate buffer 
200 m1 8M urea 
20 m1 5% sodium dodecyl sulphate 
0.5 g D,L- dithiothreitol (stored desiccated 0-5°C; Sigma Chemical Co., 
St. Louis) 
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The reagents are combined and brought up to a volume of 1 liter with 
distilled water to give a final concentration of O.OlM phosphate buffer, 
1.6M urea, 0.1% sodium dodecyl sulphate and 0.05% dithiothreitol. 
When myelin proteins were being separated for densitometric 
quantitation, approximately 200 micrograms of protein per gel gave the 
most desirable results. When myelin proteins were being separated in 
order to measure 3H incorporation into the individual proteins, 400-500 
micrograms of protein could be layered on a gel. After dialyzing the 
solubilized protein (generally overnight), a Lowry protein assay (ns 
described previously) was run on the samples to determine how much of 
each sample would be loaded on the gels. 
Polyacrylamide gels were prepared by the method of Druse, Brady, 
and Quarles (1974). 
Gel Solution A-1: prepared monthly, or more frequently, 8 ml ·of 5% so-
dium dodecyl sulphate (described previously) and 40 rru of sodium 
phosphate buffer (also described previously) were combined and 
brought to a volume of 180 ml with distilled water 
Gel Solution A-2: also prepared monthly, 40 g of acrylamide (electro-
phoresis grade stored in the refrigerator, Eastman-Kodak, Roches-
ter, NY) and 1. 040 g of N-N' -methylenebisacrylam:i.de (Eastman-
Kodak, Rochester, NY) were combined and brought to a volume of 
180 m1 with distilled water 
Gel Solution B: always prepared within an hour prior to use, 90 mg of 
ammonium persulphate (stored desiccated, 0-4°C, Mallinckrodt) 
and 50 microliters of N,N,N'N'-tetramethylethylene diamine (East-
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man- Kodak, Rochester, NY) were combined and brought to a volmne 
of 10 ml with distilled water 
Gels themselves were made up fresh prior to use (ie. within 12 hours). 
To 45 ml of solution A-1 were added 45 ml of solution A-2 and 10 ml of 
solution B. The solutions were rapidly mixed. and de-aerated for 45-60 
seconds. 2.5 ml of this gel solution were rapidly pipetted into each 
clean glass gel tube (internal diameter of 6-7 nun) which had been sealed 
across the bottom with parafilm and levelled. Approximately 0.5 ml of 
water was inunediately layered over the gel solution i.n the t:ubes. Gels 
were considered acceptable if the visible water-gel interface disappeared 
within 10 minutes and reappeared within 30-40 minutes. 
Once the gels had polymerized, the tubes were fitted into an 
electrophoresis tank (Buchler Instruments, Fort Lee, NJ) and the appro-
priate quantity of solubilized myelin protein, together with a small 
drop of the tracking dye bromophenol blue (which migrates ahead of the 
myelin proteins) were loaded on top of each gel. 
Electrophoresis buffer: 100 m1 of 1M sodium phosphate buffer and 20 m1 
of 5% sodium dodecyl sulphate were combined and brought to a 
.. 
volume of one liter with distilled water to gi.ve a final concen-
tration of 0.1% sodium dodecyl sulphate and O.lM phosphate buffer 
One liter of buffer was prepared for electrophoresis of 12-15 samples. 
Buffer was added to the top and bottom chambers of the electrophoresis 
tank. Gels were electrophoresed for 18-24 hours with a voltage maximum 
of 50 volts and a current maximum of 10 milliamps per tube. When the 
tracking dye had reached the end of a gel tube, electrophoresis was 
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terminated. 
Proteins run in the_sodium dodecyl sulphate- polyacrylamide gel 
system migrate by molecular weight, not charge. Myelin protei.n bands 
appear, in decreasing order of mobility: small basic protein, large 
basic protein, proteolipid protein, Wolfgram doublet, and high molecular 
weight bands. 
On completion of electrophoresis, gel tubes were placed in an 
ice-bath for 15-20 minutes, after which gels were removed from the tubes 
and placed in fixing solution. 
Fixing-destaining solution: 450 ml of methanol, 450 ml of distilled 
water and 100 m1 of glacial acetic acid are combined 
The staining procedure employed was that of Greenfield et al., 1971. 
Gels remained in fixing solution in capped tubes for 1-2 days with 
several changes of fixing solution. Gels were then stained by removal 
of fixing solution from the capped tubes and immersion of the gels i.n 
fast-green staining solution for 90-120 minutes. 
Staining solution: 10 g Fast Green Dye (94% Fast Green FCF, Fisher 
Scientific Co., Fair Lawn$ NJ) are dissolved in methanol: gla-
cial acetic acid: water, 450: 100: 450, v/v/v, mixed and fiJ_.;.. 
tered to give a solution 1.0% (w/v) fast green dye 
After staining, the gels were removed from the capped tubes, rinsed off 
with fixing solution and placed in a destaining tank where they were 
allowed to destain for a minimum of 3-4 days. The destaining soluti.on 
is identical in composition to the fixing solution. 
Gels prepared for quantification of myelin subfraction proteins 
were scanned in a densitometer reading absorbance at 560 nm (Greenfield 
' f 
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et al., 1971). No correction was made for a difference in dye binding 
between myelin subfraction proteins. Densitometric tracings were photo-
~ 
copied and individual myelin proteins were quantitated by weighing the 
areas under the peaks corresponding to the major myelin proteins. 
(see Figure I) 
Alternately, gels prepared for metabolic study of myelin subfrac-
tion proteins were divided into segments containing the individual mye-
lin protein bands. (see Figure I) Slices of gels were minced and 
placed in separate scintillation vials. To each scintillation vial, one 
m1 of a Protosol (0.5 M Protosol, New England Nuclear, Boston): water, 
9:1 (v/v) solution was added; this allowed digestion of the gels. After 
four days of incubation at room temperature in the Protosol: water, 9:1 
(v/v) solution, 10 m1 of scintillation fluor were added to each vial and 
the vials were allowed to sit 3-4 days to elute a maximum of radioactivi-
ty from the digested gels. Incorporation of 3H into the individual mye-
lin_subfraction proteins was then determined by scintillation counting. 
The lipids of the myelin subfraction samples were analyzed in 
two ways: either metabolically, by studying the incorporation of 14c~ 
glucose into major lipid categories (cholesterol, phospholipids and 
galactolipids) or quantitatively, by assay of the amounts of these lipid 
categories in relation to each other. 
Thin Layer Chromatographic Separation 
Lyophilized myelin subfraction samples were extracted twice with 
chloroform: methanol, 2:1 (v/v), by the method of Folch-Pi, Lees and 
Sloane-Stanley (1957). Two m1 of chloroform: methanol, 2:1 (v/v) were 
added to each lyophilized myelin subfraction sample containing between 
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one and three milligrams of protein. Samples were alternately vortexed 
and allowed to sit several times over a period of 2-3 hours, then cen-
trifuged at 3000 RPM for approximately 20 minutes in a countertop cen-
trifuge. The supernatant, containing extracted myelin lipids as well as 
some of the proteolipid and basic proteins was drawn off with a Pasteur 
pipette. This process was then repeated. The extracts from each sample 
were combined and dried under nitrogen. Lipids were re-solubilized in 
200-300 microliters of chloroform: methanol, 2:1 (v/v). Individual sam-
ples were spotted on separate lanes of thin layer chromatographic plates 
coated with silica gel G 250 microns in thickness (New England Nuclear, 
Boston). Thin layer chromatographic plates were run in enclosed tanks 
in a solvent containing chloroform: methanol: ammonium hydroxide (58%, 
Mallinckrodt), in proportions of 80: 20: 0.4 (v/v/v), (O'Brien, Fillerup 
and Mead, 1964). Standards run concurrently in separate lanes helped 
identification of the individual lipid bands. In this chromatographic 
system, cholesterol migrates near the solvent front. Decreasing in 
order of mobility are two bands of cerebrosides, a band of sulfatides, 
and phospholipids which remain near the origin. Lipid bands were visu-
alized by spraying the dried plates with 2'7' dichlorofluorescein (Supel-
co, Bellefonte, PA) and identifying the various lipids under ultraviolet 
light. Silica gel containing the separated lipids was then scraped into 
scintillation vials and 0.5 ml of benzene was added to solubilize the 
lipids from the silica gel (Druse and Hogan, 1972). Ten m1 of scintilla-
14 tion fluor were added and incorporation of C glucose into the various 
myelin lipids was determined by scintillation counting. 
r ' 
CHAPTER IV 
RESULTS 
Effects of maternal protein deficiency on myelination in the 
offspring were studied by allowing mothers access to a diet containing 
approximately 1/3 the normal amount of protein during the last 10-12 
days of gestation or the first 25 days postpartum. Offspring were main-
tained in litters of 13. Accretion of myelin subfractions was followed. 
3 14 An 18 hour pulse of H-leucine and C-glucose allowed assessment of the 
metabolic activity in the subfractions. In addition~ relative synthesis 
of individual myelin proteins and lipids could be measured. 
Maternal protein deprivation during gestation 
Substitution of the low protein diet for well balanced rat chow 
during gestation did not appear to have severe effects on eitl1er brain 
or body weight in the offspring (see Figure II). In sharp contrast to 
this, feeding rat mothers the low protein chow during the first 25 days 
postpartum resulted in serious declines in both brain and body weight •. 
While it is pos~ible that the decreased body weight could be eventually 
rehabilitated, brain weight appears to level off by 25 days and may 
never recover to normal levels in the postnatally stressed ani.mals. 
Offspring of mothers which had been deprived of protein during 
gestation appear to be synthesizing nearly normal quantities of myelin at 
17 and 25 days, as reflected by myelin.protein content (see Table III). 
73 
Ill 
I 
c 
a: 
Cl 
._...... CONTIIOL 
·---· P'II.NATAL 
- P'OaTNATAL 
74 
BRAIN WEIGHT 
BODY WEIGHT 
10 30 50 
DAYS OF AO E 
Figure II. Brain and body weights of rats whose mothers were fed the 
low protein diet during the last 10-12 days of gestation 
("prenatal") or the first 25 days postpartum ("postnatal"). 
TABLE III 
PROTEIN CONTENT OF MYELIN AND MYELIN SUBFRACTIONS IN OFFSPRING OF RATS DEPRIVED OF PROTEIN DURING GESTATION 
Age(days) 
13 
17 
25 
52 
112 
·Animal 
Prenatally 
deprived 
Control 
Prenatally 
deprived 
Control 
Prenatally 
deprived 
Control 
Prenatally 
deprived1 Control 
Prenatally 
deprived2 Control 
Protein content of subfractions (mg) Protein in 
Light myelin Medium myelin Heavy ~elin Total ~elin (mg) 
0.089 
1.3 ± 0.1 
0.62 ± 0.1 0.19 ± 0.05* 0.76 ± 0.05* 1.6 ± 0.05 
0.48 ± 0.2 0.44 ± 0.2 0.53 ± 0.1 1.4 ± o.a 
2.5 ± 0.3 o. 72 ± 0.1* 1. 7 ± o. 3* 4.9 ± 0.6 
2.7 ± 0.1 1.5 ± 0.2 1.2 ± 0.1 5.4 ± 0.1 
2.8 ± 0.8t 0.37 ± 0.3t 2.7 ± 0.4t 5. 7 ± 1. Ot 
5.6 ± 0.7 4.4 ± 0.5 4.3 ± 0.6 14.0 ± 2.0 
4.6 ± 0.5t 0.84 ± 0.05t 2.s ± o.7t 7.9 ± l.Ot 
6.2 ± 0.4 6.0 ± 1.0 5.9 ± 1.0 17.0 ± 0.8 
Values represent the mean ± the standard deviation. 1control values obtained from protein-calorie 
deprivation study, Table XI, 2control values obtained from P&: study, Table XV. Prenatally deprived 
refers to offspring· of mothers fed t!1.e low protein diet during gestation; litters of 13 were maintained 
throughout lactation. *Indicates a value significantly different from the control at p < 0.05, 
tStatistical comparisons were not made due to difference in litter size between experimentals and 
controls. 
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However, a significantly greater amount of biochemically immature heavy 
membrane is being synthesiz:d in the brains of offspring deprived during 
gestation at these ages. As a results there is a decreased proportion 
of the less dense (medium myelin) membranes at 17 and 25 days. 
Direct comparisons can not be drawn between the prenatally pro-
tein deprived offspring and controls from other studies, as the former 
were raised in litters of 13 and the latter in litters of 10. However, 
even allowing for some variation due to litter size, the prenatally 
protein deprived offspring contain far less myelin at 52 and 112 days 
than the 14 and 17 milligrams of myelin protein \.rhich was isolated at 
those ages, respectively, from brains of control rats. At 52 and 112 
days, a considerable amount of the myelin present is recovered in the 
biochemically mature light subfraction, indicating that the myelin prob-
ably is mature in composition, if somewhat subnormal in quantity. 
Total protein in the brain of rats whose mothers had been de-
prived of prote:i.n during gestation was near-normal at all ages examined 
(see Table IV). Similar to the findings of others, it appears that 
myelination suffers to a greater extent than brain or body growth as a 
result of this s~ress. 
Ongoing synthesis of the myelin subfractions in offspring of the 
3 prenatally protein deprived rats when measured by incorporation of H-
leucine shows some significant alteration from the normal at all three 
ages studied (see Table V). Synthesis of light myelin proceeds at nor-
mal or greater than normal rates. Medium myelin was synthesized at be-
low normal rates, significantly so at 17 and 52 days, while a significant 
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TABLE IV 
TOTAL PROTEIN CONTENT OF BRAIN IN OFFSPRING OF PROTEIN-DEPRIVED RATS 
Total protein in rat brain homogenate (mg) 
Age(days) Prenatally deprived Control Postnatally deprived 
14 120 ± 30 90 ± 10 
17 130 ± 50 160 ± 6 85 ± 20* 
25 170 ± 20 170 ± 30 120 ± 9* 
53 190 ± 5 t 210 ± 20 a 200 ± 30 ·j· 
110 210 ± 20t 220 ± 9 b 
Values represent the mean ± the standard deviation. 
aControl values obtained from P-C deprivation study, Table XII. 
bControl values obtained from PKU study, Table XVI. Prenatally 
deprived refers to offspring of mothers fed the low. protein Met 
during gestation. Postnatally deprived refers to offspring of 
mothers fed the low protein diet during lactation. Litters of 
13 were maintained throughout lactation. 
*Indicates a value significantly different from the control at 
p < 0.05. 
tStatistical comparisons were not made due to difference in litter 
size between experimentals and controls. 
TABLE V 
PERCENT OF TOTAL BRAIN 3H INCORPORATION INTO CNS MYELIN SUBFRACTIONS 
IN OFFSPRING OF RATS DEPRIVED OF PROTEIN DURING GESTATION 
Percent total brain 3H incorporation into 3H DPM (xl0-6) 
Age(days) Animal Light myelin Medium myelin Heavy myelin Brain homogenate 
17 Prenatally 0.563 ± 0.05* 0.148 ± 0.00* 0.545 ± 0.04* 12.1 ± 3.5 
deprived 
Control 0.382 ± 0.13 0.407 ± 0.09 0.237 ± 0.03 17.1 ± 3.5 
I 
25 Prenatally 2.16 ± 0.56 0.510 ± 0.11 1.33 ± 0.38* 10.8 ± 1.7 
deprived 
Control 1.80 ± 0.95 o. 710 ± 0.27 0.485 ± 0.16 10.9 ± 4.7 
52 Prenatally 2.11 ± 0.49* 0.121 ± 0.08* 1.029 ± 0.16* 5.74 ± 1.4 
deprived 
Control 0.699 ± 0.23 0.450 ± 0.15 0.307 ± 0.19 4.01 ± 2.2 
Values represent the mean ± the standard deviation. *Indicates a value significantly different from 
the control at p < 0.05. Prenatally deprived refers to offspring of rats fed the low protein diet 
during gestation, as described in text. Litters of 13 were maintained throughout lactation. 
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excess of heavy myelin is being synthesized at the same time. Synthe-
sis of all three myelin subfractions in the malnourished brain appears 
to peak at 25 days, which is also the case in normal hrain. However, 
the high levels of incorporation into light and heavy subfractions at 
53 days, coupled with the lower than normal content of myelin in the 
malnourished brains at that age, indicate a delay in active myelination. 
14 Incorporation of C-glucose into the myelin subfractions also 
peaks at 25 days in both normal and prenatally protein deprived brain 
(see Table VI). 14c incorporation into light myelin appears to be pro-
ceeding at a normal rate at 17, 25 and 53 days. However, :i.nadequate 
amounts of medium myelin and 2-3 times the normal amount of heavy myelin 
were being synthesized at all ages studied. The high levels of synthe-
sis of the biochemically immature heavy myelin again suggest a retarda-
tion of active myelination, as high proportions of heavy myelin are 
synthesized and present only in the initial stages of myelination. 
Maternal protein deprivation during lactation 
Serious deficits of myelin (as assessed by protein content, 
Table VII) are also present in the brains of offspring of the rats wh:tch 
received the low protein diet during the first 25 days postpartum. Sig-
nificantly less myelin is deposited, even at the earliest age. There 
is a deficit of medium myelin and total myelin at 17 days; by 25 days 
all three subfractions are deficient in the starved brain. Control mye-
lin triples in quantity between 17 and 25 days. The postnatally de-
prived CNS myelin levels did not even double during that same period. 
Again, while it is not totally valid to compare the 53 day age point 
with controls from other studies due to different litter sizes, even 
Age(days) 
17 
25 
52 
TABLE VI 
PERCENT OF TOTAL BRA~N 14c INCORPORATION INTO CNS MYELIN SUBFRACTIONS 
IN OFFSPRING OF RATS DEPRIVED OF PROTEIN DURING GESTATION 
14 Percent total brain C incorporation in 14c DPM (xl0-6) 
Animal Light myelin Medium myelin Heavy myelin Brain homogenate 
Prenatally 1.44 ± 0.15 0.361 ± 0.00* 1.05 ± 0.17* 0.962 ± 0.21 
deprived 
Control 0.961 ± o.t.o 0.734 ± 0.22 0.494 ± 0.08 1. 72 ± 0. 6.6 
Prenatally 3.76 ± 0.75 o. 712 ± 0.22* 1. 78 ± 0.42* 0.580 ± 0.11 
deprived 
Control 3.43 ± 0.63 1.19 ± 0.14 0.670 ± 0.08 0.818 ± 0.43 
Prenatally 2.24 ± o. 71 0.168 ± 0.05* 1.075 ± 0.17* 0.292 ± 0.05 
deprived 
Control 1.77 ± 0.62 0.829 ± 0.37 0.301 ± 0.00 0.247 ± 0.07 
Values represent the mean ± the standard deviation. *Indicates a value significantly different from 
the control at p < 0.05. Prenatally deprived refers to offspring of rats fed the low protein diet 
during gestation, as described in text. Litters of 13 were maintained throughout lactation. 
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TABLE VII 
PROTEIN CONTENT OF MYELIN AND MYELIN SUBFRACTIONS IN OFFSPRING OF RATS DEPRIVED OF PROTEIN DURING LACTATION 
Protein content of subfractions (mg) Protein in 
Age(days) Animal Light. myelin Medium myelin Heavy myelin Total myelin (mg)_ 
14 Postnatally 0.57 ± 0.05* 
deprived 
Control 1.3 ± 0.1 
17 Postnatally 0.33 ± 0.1 0.15 ± 0.04* 0.58 ± 0.2 1.1 ± 0.2* 
deprived 
Control 0.48 ± 0.2 0.44 ± 0.2 0.53 ± 0.1 1.4 ± 0.2 
25 Postnatally 1.1 ± 0.2* 0.14 ± 0.2* 0.29 ± 0.3* 1.5 ± 0.5* 
deprived 
Control 2.7 ± 0.1 1.5 ± 0.2 1.2 ± 0.1 5.4 ± 0.1 
53 Postnatally 2.5 ± o.1·r 1.6 ± 0.4t 2.8 ± o.st 6.9 ± 0.9t 
deprived 
Control a 5.6 ± 0.7 4.4 ± 0.5 4.3 ± 0.6 14.0 ± 2.0 
Values represent the mean ± the standard deviation. Postnatally deprived refers to offspring of mothers 
fed the low protein diet during lactation; litters of 13 were maintained throughout that period. acon-
trol values obtained from protein-calorie deprivation study, Table XI. *Indicates a value significantly 
different from the control at p < 0.05. tStatistical comparisons were not made due to difference in 
litter size between experimentals and controls. 
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this difference in litter size can not account for the considerable 
difference in the amount of total myelin in the malnourished brains at 
53 days. While there is a sizable accretion of myelin in the postna-
tally deprived brain upon termination of the maternal stress (ie. 25 
days postpartum), all three myelin subfractions are deficient, amount-
ing to only one-half the myelin isolated from control brains. In addi-
tion, higher than normal proportions of this myelin -- about 40% -- are 
present as the less mature heavy myelin in the malnourished brain. 
Brains from offspring of mothers deprived of protein during 
lactation contained significantly less protein than controls at 17 and 
25 days (Table IV). Between 25 and 53 days, a catch-up of total brain 
protein appears to have occurred. 
Incorporation of 3H-leucine into myelin of the postnatally de-
prived rats is decreased at 14 days (see Table VIII). There is a de-
creased synthesis of the light plus medium myelin subfractions at 17 
days; at the same time increased synthesis of the i~~ture heavy myelin 
subfraction is taking place in the malnourished brain. At 25 days post-
partum, the postnatally deprived animals are synthesizing all three 
subtractions to a significantly less extent than the control animals~ 
This is followed by an attempted catch-up. At 53 days, control synthe-
sis of the myelin subfractions has declined from levels at 25 days. In 
contrast, synthesis of myelin subfractions in the postnatally deprived 
brains increased from 25 to 53 days and surpasses control levels at the 
latter age. 
This post-stress attempt to catch-up with myelin synthesis is 
14 
also seen in the percentage of brain incorporation of C-glucose into 
TABLE VIII 
PERCENT OF TOTAL BRA!~ 3H INCORPORATION INTO CNS MYELIN SUBFRACTIONS 
IN OFFSPRING OF RATS DEPRIVED OF PROTEIN DURING LACTATION 
3 Percent total brain H Incorporation into 3H DPM (xl0-6) 
Age(days) Animal Lig? t myelin Medium myelin Heavy myelin Brain homogenate 
14 Postnatally Total myelin-- 0.450 ± 0.00* 32.3 ± 1.4* 
deprived 
·Control " 1.50 ± 0.44 19.6 ± 6.4 
17 Postnatally 0.287 ± 0.04 0.128 ± 0.001* 0.384 ± 0.09* 21.9 ± 3.5 
deprived 
Control 0.382 ± 0.13 0.407 ± 0.09 0.237 ± 0.03 17.0 ± 3.5 
25 Postnatally 0.579 ± 0.17* 0.121 ± 0.01* 0.165 ± 0.11* 24.9 ± 4.1* 
deprived 
Control 1.80 ± 0.95 o. 710 ± 0.27 0.485 ± 0.16 10.9 ± 4.7 
53 Postnatally 2.25 ± 0.30* 0.767 ± 0.13* 1.34 ± 0.16* 7.19 ± 0.54* 
deprived 
Control 0.599 ± 0.23 0.450 ± 0.15 0.307 ± 0.19 4.01 ± 2.2 
Values represent the mean ± the standard deviation. *Indicates a value significantly different from 
the control at p < 0.05. Postnatally deprived refers to offspring of rats fed the low protein diet 
during lactation, as described in text. Litters of 13 pups were maintained throughout lactation. 
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malnourished myelin subfractions (see Table IX). Subnorrnal levels of 
myelin synthesis are seen a1i. 14 days, at 17 days in the medium fract:i>on, 
and at 25 days in the light and medium myelin fractions i.n the postna-
11 d · d b • 14c i · · h 1 h ta y epr1ve ra1n. ncorporat1on 1nto t e ess mature eavy 
myelin fraction proceeds at normal or above normal rates in the mal-
nourished brains. Control incorporation into the sub fraction has peaked> 
before 53 days. Malnourished animals incorporate significantly more 
14c into light and heavy myelin at this age. 
Synthesis of myelin during the actual period of the postnatal 
stress goes on at lower than normal rates and results in a severe short-
age of myelin by 25 days postpartum. An attempt to make up this deficit 
is seen in the increased percentage of brain isotope incorporation which 
is involved with myelination, and a fourfold increase in the amount of 
brain myelin between 25 and 53 days. However, even though the propor-
tion of brain protein and lipid synthesis devoted to myelination in-
creases sharply by 53 days, total brain synthesis (as measured by homo-
genate incorporation) is already falling off. Only half the normal 
yield of myelin is isolated at 53 days from the malnourished brau1s. A 
permanent deficit in myelin seems to be the likely result of this stress. 
Maternal protein-·calorie deprivation during gestation 
To further study the effects of maternal malnutrition on forma-
tion of myelin in the offspring, protein-calorie deprivation amounting 
to approximately 1/2 (mild stress) or 1/3 (severe stress) the normal 
quantity of food was enforced during the last 10-12 days of gestation. 
3 Formation of myelin fractions was followed through 53 days; H-leucine 
14 
and C-glucose served as protein and lipid precursors, respectively, 
TABLE IX 
PERCENT OF TOTAL BRAiN 14c INCORPORATION INTO CNS MYELIN SUBFRACTIONS 
IN OFFSPRING OF RATS DEPRIVED OF PROTEIN DURING LACTATION 
Age (days) .:..:A;::;.ni==ma=l=----
14 Postnatally 
deprived 
Control 
17 Postnatally 
deprived 
Control 
25 Postnatally 
deprived 
Control 
53 Postnatally 
deprived 
Control 
Percent total brain 14c incorporation into 
~ight myelin Medium myelin Heavy myelin 
Total myelin-- 1.18 ± 0.08* 
" 3.18 ± 0.85 
0.923 ± 0.14 0.330 ± 0.03* 0.888 ± 0.21* 
0.961 ± 0.40 0.734 ± 0.22 0.494 ± 0.08 
1. 71 ± 0.65* 0.323 ± 0.31* 0.378 ± 0.28 
3.43 ± 0.63 1.19 ± 0.14 0.670 ± 0.08 
3.20 :± 0. 37'~ 0.911 ± 0.12 1.56 ± 0.24* 
1,77 ± 0.62 0,829 ± 0.37 0.301 ± o.oo 
14c DPM(xl0-6) 
Brain homogenate 
1.67 ± 0.18 
1. 72 :: 0.66 
1.09 ± 0.30 
1. 79 ± 0.46 
o. 773 ± 0.32 
0.818 ± 0.43 
0.324 ± 0.04 
0.247 ::!: 0,07 
Values represent the mean ± the standard deviation. *Indicates a value significantly different from 
the control at p < 0.05. Postnatally deprived refers to offspring of rats fed the low protein diet 
during lactation, as described in text. Litters of 13 pups were maintained throughout lactation. 
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for the metabolic studies. In contrast to the previous study, animals 
were raised in litters of 10 during the suckling period. 
Neither mild nor severe prenatal protein-calorie deprivation 
appears to have a significant effect on body weight of the offspring 
(see Figure III). Offspring of severely deprived mothers display de-
creased brain weights at the early ages; by 53 days, a recovery to 
normal weight appears to have occurred. 
Myelination in offspring of rats which were protein-calorie 
deprived to a mild extent was studied only at the younger ages. Incor-
poration of 3H leucine into all three myelin subfractions was decreased 
at 18 days (see Table X). By 25 days, even though synthesis of medium 
and heavy myelin was still below normal levels, synthesis of light mye-
lin had accelerated and 3H incorporation in the malnourished brain ex-
ceeded the incorporation into light myelin of control brain. This pat-
11 1 d b 14c 1 · · · 1· b f tern was para e e y -g ucose J.ncorporatJ.on 1nto mye l.n su rae-
tions of malnourished brain. The high levels of synthesis of light mye-
lin at 25 days indicate that even though myelin synthesis toay have been 
slightly delayed in offspring of mildly protein-calorie tnalnourished 
motherss ability to synthesize mature myelin has recovered by 25 days. 
As would be expected, myelin synthesis is affected to a greater 
extent in offspring of rats which were severely proteln-calorie deprived 
during gestation. Total quantities of myelin are significantly de-
creased at 18 and 25 days postpartum (see Table XI), as are the quanti-
ties of myelin recovered in light, medium, and heavy subfractions at 
those ages. Myelin at 18 days contained a disproportionately high (70%) 
percentage of the immature heavy membranes. By 25 days postpartum, 
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Figure III. Brain and body weights of rats whose mothers received only 
1/2 ("mild prenatal") or 1/3 ("severe prenatal11 ) the normal 
quantity of rat chow during the last 10-12 days of gestation. 
Age(days) 
15 
18 
25 
15 
18 
25 
TABLE X 
PERCENT OF TOTAL BRAIN 3H AND 14c INCORPORATION INTO CNS MYELIN SUBFRACTIONS 
IN OFFSPRING OF RATS MILDLY PROTEIN-CALORIE DEPRIVED DURING GESTATION 
3 Percent total brain H incorporation into 3H DPM (xl0-6) 
Animal Light myelin Medium myelin Heavy myelin Brain homogenate 
Protein-calorie Total myelin 1.65 ± 0.69 10.6 ± 5.7 
deprived 
Control II 1. 76 ± 0.09 13.6 ± 1.2 
Protein-calorie 0.898 ± 0.27* 0.327 ± 0.05* 0.287 ± 0.20* 10.6 ± 2.9 
deprived 
2.1 Control 1.29 ± 0.16 0.909 ± 0.08 1.06 ± 0.13 15.4 ± 
Protein-calorie 4.34 ± 0.42* 0.828 ± 0.05* 0.906 ± 0.24* 7.53 ± 0.68 
deprived 
Control 2. 72 ± 0.38 1.68 ± 0.34 1.59 ± 0.42 10.8 ± 2.1 
14 Percent total brain C incorporation into 14c DPM (xl0-6) 
Light myelin Medium myelin Heavy myelin Brain homogenate 
Protein-calorie Total myelin 4.50 ± 0.68 0.858 ± 0.41 
deprived 
Control II 3.53 ± o. 39 1.07 ± 0.11 
Protein-calorie 2.56 ± o. 39 0.929 ± 0.05* 0.757 ± 0.37* 0.814 ± 0.21 
deprived 
Control 2.74 ± 0.27 1. 71 ± 0.19 1.81 ± 0.26 1.10 ± 0.13 
Protein-calorie 9.04 ± 0.32* 1.48 ± 0 .12~'; 1.53 ± 0.38* 0.413 ± 0.28 
deprived 
Control 4.94 ± 0.62 2.32 ± 0.42 2.04 ± 0.52 0.621 ± 0.075 
Values represent the mean ± the standard deviation. *Indicates a value significantly different from 
the control at p < 0.05. Protein-calorie deprived refers to offspring of rats mildly protein-calorie 
deprived during gestation. l';itters of 10 pups were maintained throughout lactation. 
00 
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TABLE XI 
PROTEIN CONTENT OF MYELIN AND MYELIN SUBFRACTIONS 
IN OFFSPRING OF RATS SEVERELY PROTEIN CALORIE DEPRIVED DURING GESTATION 
Age (days) ;:_;An=im=a=l~---
15 
18 
21 
25 
40 
53 
Protein-calorie 
deprived 
Control 
Protein-calorie 
deprived 
Control 
Control 
Protein-calorie 
deprived 
Control 
Control 
Protein-calorie 
deprived 
Control 
Protein content of subfractions (mg) Protein in 
Light myelin Medium myelin Heavy myelin Total myelin (mg) 
0.035 ± 0.01* 0.047 1.3 1.3 
0.35 ± 0.04 0.39 ± 0.1 0.79 ± 0.1 1.6'± 0.2 
0.062 ± 0.01* 0.32 ± 0.3* 0.93 ± 0.4* 1.3 ± 0.1\ 
1.3 ± 0.2 1.0 ± 0.1 1.6 ± 0.2 4.0 ± 0.4 
2.5 ± 0.1 1.7 ±0.1 2.2 ± 0.3 6.3 ± 0.5 
2.2 ± 0.2* 1.6 ± 0.2* 0.74 ± 0.1* 4.5 ± 0.2* 
3.5 ± 0.4 2.7 ± 0.4 2.4 ± 0.2 8.6 ± 0.5 
5.3 ± 0.4 3.6 ± 0.2 2.6 ± 0.3 11.0 ± 0.5 
4.8 ± 1.0 5.3 ± 0.6* 3.5 ± 0.3* 14.0 ± 2.0 
5.6 ± 0.7 4.4 ± 0.5 4.3 ± 0.6 14.0 ± 2.0 
Values represent the mean ± the standard deviation. *Indicates a value significantly different from 
the control at p < 0.05. Protein-calorie deprived refers to offspring of rats severely protein-calorie 
deprived during gestation. Litters of 10 pups were maintained throughout lactation. 
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however, myelin from the malnourished brains contained normal relative 
quantities of the different density families of membranes, even though 
total amounts of myelin were diminished from control levels. Brains of 
the malnourished offspring contained a normal amount of myelin by 53 
days; the myelin contained a disproportionately high quantity of medium 
density membranes with correspondingly lower levels of the heavy density 
membranes. Perhaps this may represent an over-compensation in tbe mal-
nourished brain as a result of the prenatal stress. 
Similar to myelin protein quantit.ies, whole brajn protein in 
offspring whose mothers had been severely protein-calod.e deprived was 
significantly decreased at 15, 18, and 25 days postpartum (see Table 
XII). However, by 53 days, brain protein levels were within the normal 
range. Although brain growth and development is apparently delayed in 
the severely stressed animals, recovery to normal by the young adult 
age is possible. 
The pattern of early reduction in brain growth ancT Ittyelin form--
ation, followed by accelerated development is also seen in myelin sub-
fraction incorporation of 3H-leucine (see Table XIII). Rates of synthe~ 
sis were decreased from normal in 18 day light and medium myelin, and i.n 
all three subfractions at 25 days in the protein-caloric malnourished 
animals. Except at 25 days postpartum, synthesis of heavy myelin pro-
ceeds at normal or above normal rates, with highest 3H incorporation at 
18 days. Synthesis of the lighter density myelin fractions peaks at 53 
days, when light and medium myelin 3H incorporation in malnourished 
brains exceeds that of the corresponding controls. This is in sharp 
contrast to the controls where peak synthesis of all three subfraci:ions 
.. 
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TABLE XII 
TOTAL PROTEIN CONTENT OF BRAIN IN OFFSPRING OF RATS 
SEVERELY PROTEIN-CALORIE DEPRIVED DURING GESTATION 
Total protein in rat brain homogenate (mg) 
Age(days) Protein-calorie deprived Control 
15 90 ± 3* 120 ± 2 
18 120 ± 3* 160 ± 10 
21 180 ± 20 
25 140 ± 20* 200 ± 30 
40 220 ± 10 
53 200 ± 20 210 ± 20 
Values represent the mean ± the standard deviation. *Indicates a 
value significantly different from the control at p < 0.05. 
Protein-calorie deprived refers to offspring of rats severely 
protein-calorie deprived during gestation. Litters of 10 pups 
were maintained throughout lactation. 
TABLE XIII 
.. ., 
PERCENT OF TOTAL BRAIN JH INCORPORATION INTO CNS MYELIN SUBFRACTIONS 
IN OFFSPRING OF RATS SEVERELY PROTEIN-CALORIE DEPRIVED DURING GESTATION 
3 Percent total brain H incorporation into 3H DPM (xl0-6) 
Age(days) Animal L~ght myelin Medium myelin Heavy myelin Brain homogenate 
15 Protein-calorie 0.014 0.040 0.957 ± 0.27* 16.6 ± 2.7 
deprived 
Control 0.519 ± 0.13 0.521 ± 0.05 o. 716 ± 0.08 13.6 ± 1.2 
18 Protein-calorie 0.034 ± 0.00* 0.379 ± 0.42* 1.20 ± 0.70 18.0 ± 0.34 
deprived 
Control 1.29 ± 0.16 0.909 ± 0.08 1.06 ± 0.13 15.4 ± 2.2 
21 Control 1.71 ± 0.38 1.19 ± 0.28. 1.25 ± 0.33 13.9 ± 1.9 
25 Protein-calorie 1.67 ± 0.08* 1.45 ± 0.30* 0.528 ± 0.10* 14.2 ± 3.4 
deprived 
Control 2. 72 ± 0.38 1.68 ± 0.34 1.58 ± 0.42 10.8 ± 2.1 
40 Control 1.85 ± 0.73 1.14 ± 0.08 1.13 ± 0.12 6.84 ± 1.9 
53 Protein-calorie 2.01 ± 0.62 1.66 ± 0.35* 1.14 ± 0.13 7.41 ± 2.8 
deprived 
Control 1.23 ± 0.52 0.970 ± 0.29 1.24 ± 0.26 6.52 ± 3.5 
Values represent the mean ± the standard deviation. *Indicates a value significantly different from the 
control at p < 0.05. Protein-calorie deprived refers to offspring of rats severely protein-calorie 
deprived during gestation, Litters of 10 pups were maintained throughout lactation. 
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occured at 25 days. This delayed active synthesis of light and medium 
myelin probably accounts for the catch-up in myelin quantities seen be-
tween 25 and 53 days, and the disproportionately low quantity of heavy 
myelin~ whose synthesis was high at the younger ages. 
Incorporation of 14c-glucose (Table XIV) into protein-calorie 
malnourished myelin generally concurs with what has already been said: 
synthesis of the lighter subfractions is decreased from normal at the 
younger ages. By 53 days, synthesis of light and medium myelin is 
proceeding at greater than normal rates. This active synthesis of ma-
ture myelin, though delayed, suggests that no permanent deficiency in 
myelin quantity should result from the prenatal protein-calorie stress. 
Myelin synthesis in rats with induced hyperphenylalaninemia 
Lastly, to determine the effects of an amino acid imbalance 
during the vulnerable period on the formation of CNS myelin, hyperphenyl-
alaninemia was used as an experimental model. Neonatal rats received 
daily doses (i.p.) of L-phenylalanine and a phenylalanine-hydroxylase 
inhibitor until 15 days postpartum. Rats were maintained in litters of 
10. The development of myelin subfractions was subsequently examined. 
3 14 Eighteen hour puases of ~glycine and C-glucose (protein and lipid 
precursors, respectively) were employed for metabolic studies of myelin-
ation at the younger ages. 
The experimental procedure had little or no effect on body 
weight (see Figure IV). Brain weights of the "PKU" rats were signifi-
cantly lower than those of controls at 15~ 18, and 21 days postpartum. 
Although "PKU" brain weights appear to be consistently below the control 
values, at the older ages they are not significantly different. 
TABLE XIV 
PERCENT OF TOTAL BRAIN 14c INCORPORATION INTO CNS MYELIN SUBFRACTIONS 
IN OFFSPRING OF RATS SEVERELY PROTEIN-CALORIE DEPRIVED DURING GESTATION 
14 Percent total brain C incorporation into 14c DPM (xl0-6) 
Age(days) Animal Light myelin Medium myelin Heavy myelin Brain homogenate 
15 Protein-calorie 0.092 ± 0.03* 0.142 2.01 ± 0.54* 1.17 ± 0.19 
deprived 
Control 1.31 ± 0.33 1.06 ± 0.24 1.36 ± 0.18 1.07 ± 0.11 
18 Protein-calorie 0.127 ± 0.001* 0.845 ± 0.91* -2.53 ± 1.5 1.18 ± 0.01 
deprived 
Control 2.74 ± 0.27 1.71 ± 0.19 1.81 ± 0.26 1.10 ± 0.13 
21 Control 3.82 ± 0.56 2.04 ± 0.44 1.99 ± 0.45 0.844 ± 0.13 
25 Protein-calorie 3.26 ± 0.22* 2.39 ± 0.34 0.787 ± 0.11* 0.674 ± 0.20 
deprived 
Control 4.94 ± 0.62 2.32 ± 0.42 2.04 ± 0.52 0.621 ± 0.07 
40 Control 3.14 ± 0.95 1.69 ± 0.33 1.41 ± 0.18 0.325 ± 0.10 
53 Protein-calorie 3.17 ± 0.82* 2.26 ± 0.41* 1.34 ± 0.13 0.312 ± 0.10 
deprived 
Control 2.15 ± 0.38 1.30 ± 0.28 1.45 ± 0.21 0.230 ± 0.10 
Values represent the mean ± the standard deviation. *Indicates a value significantly different from 
the control at p < 0.05. Protein-calorie deprived refers to offspring of rats severely protein-calorie 
deprived during gestation. Litters of 10 pups were maintained throughout lactation. 
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Brain and body weights of rats with experimental hyper-
phenylaJ.aninemia induced in the neonatal period ("PKU") 
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Hyperphenylalaninemia induced during the neonatal period ap-
peared to have very seriou§._ effects on myelination (see Table XV). 
Total quantities of myelin in the 'tPKU" brains wet:e decreased at all 
ages examined. Although a spurt of synthesis of heavy myelin at 21 
days was followed by sizable increases in the quantity of medium and 
light plus medium myelin at 25 and 43 days, respectively~ consi.stently 
high levels of myelin synthesis of the various subtractions did not 
occur. Proportions of total myelin isolated as light: myelin never at-
tained the adult level. Myelin protein was decreased in all three sub-
fractions at 18 days; in light and medium myeUn at 21 days and in 
light and heavy myelin at 25 days. By 110 days, light and medium mye-
lin subtractions (ie. chemically mature myelin) were st:i.ll significant-
ly decreased from normal. The result is not only a decrease in total 
myelin, but also a decreased proportion of mature membrane fragments. 
Total protein in the brains of rats with induced hyperphenyl-
alaninemia (see Table XVI) was decreased at all ages; significantly so 
at 21, 25, 43 and 110 days of age. Thuss high levels of phc~nylalanine 
appeared to disrupt protein synthesis to a significant extent: for both 
total brain pr~cesses and myelination. The fact that a dc~fj ci.t is 
still present at 110 days, almost 100 days after termination of the 
stress, indicates there is probably a permanent deficit in bra:i.ns of 
experimental animals. 
Studies following the incorporation of 3H glyd.ne (Table XVII) 
14 
and C glucose (Table XVIII) into myelin subtractions of hyperphenyl-
alaninemic animals at early ages demonstrate near-normal proportions 
of incorporation into myelir.: at 15 and 18 days. The fact that the 
TABLE XV 
PROTEIN CONTENT OF MYELIN AND MYELIN SUBFRACTIONS 
IN RATS WITH EXPERIMENTALLY INDUCED HYPERPHENYLALANINEMIA 
Protein content of subfractions (mg) Protein in 
Age(days) Animal Light myelin Medium myelin Heavy myelin Total myelin (mg) 
15 PKU 0.80 ± 0.4* 
Control 1.4 ± 0.2 
18 PKU 0.59 ± 0.1* 0.36 ± 0.1* 0.99 ± 0.3* 1.9 ± 0.3* 
t 
Control o. 72 ± 0.1 0.47 ± 0.1 1.3 ± 0.1 2.5 ± 0.3 
21 PKU 0.16 ± 0.1* o. 35 ± 0.3* 2.5 ± 0.4* 3.2 ± 0.3* 
Control 1.6 ± 0.2 1.2 ± 0.1 1.8 ± 0.1 4.6 ± 0.4 
25 PKU 0.45 ± 0.2* 2.9 ± 0.3* 0.42 ± 0.1* 3.8 ± 0.4* 
Control 2.0 ± 0.4 1.8 ± 0.1 2.0 ± 0.2 5.9 ± 0.7 
43 PKU 3.6 ± 0.4 3.5 ± 0.1* 2.0 ± 0.3* 9.0 ± 0.5* 
Control 3.4 ± 0.5 2.8 ± 0.4 3.1 ± 0.1 9.7 ± 0.5 
110 PKU 4.4 ± 0.5* 4.4 ± 0.8* 5.4 ± 1.0 14.0 ± 2.0* 
Control 6.2 ± 0.4 6.0 ± 1.0 5.9 ± 1.0 17.0 ± 0.8 
Values represent the mean ± the standard deviation. *Indicates a value significantly different from 
the control at p < 0.05. 1'PKU" refers to neonatal rats with induced experimental hyperphenylalaninemia. 
Litters of 10 pups were maintained throughout lactation. 
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TABLE XVI 
TOTAL PROTEIN CONTENT OF BRAIN IN RATS 
WITH EXPERIMENTALLY INDUCED HYPERPHENYI.ALANINEMIA 
Total protein in rat brain homogenate (mg) 
Age{days) Experimental Hyperphenylalaninemia Control 
15 100 ± 7 110 ± 9 
18 130 ± 8 140 ± 10 
21 140 ± 10* 160 ± 10 
25 140 ± 4* 160 ± 10 
43 170 ± 7* 200 ± 20 
110 190 ± 20* 220 ± 9 
Values represent the mean ± the standard deviation. *Indicates a 
value significantly different from the control at p < 0.05. Please 
consult text for details of the protocol. Litters of 10 pups were 
maintained throughout lactation. 
TABLE XVII 
PERCENT OF TOTAL BRAIN 3H INCORPORATION INTO CNS MYELIN SUBFRACTIONS 
IN NEONATAL RATS WITH EXPERIMENTALLY INDUCED HYPERPHENYLALANINEMIA 
Percent total brain 3H incorporation into 3H DPM (xl0-6) 
Age(days) Animal Light myelin Medium myelin Heavy myelin Brain homogenate 
15 PKU Total myelin-- 1.48 ± 0.37 41.4 ± 3.6* 
Control II 1.68 ± 0.34 32.8 ± 5.2 
\ 
18 PKU 0.898 ± 0.23 0.455 ± 0.10 1.06 ± 0.14 48.2 ± 6.0* 
Control 0.753 ± 0.18 0.389 ± 0.08 0.986 ± 0.20 28.8 ± 4.2 
21 PKU 0.275 ± 0,06* 0.487 ± 0.16 2.22 ± 0.31* 34.6 :: 5 ~ ..
Control 1.17 ± o. 36 0.807 ± 0.26 1.12 ± 0.12 26.0 ± 3.1 
25 PKU 0.414 ± 0.09* 2.27 ± 0.32* 0.326 ± 0.01* 36.1 ± 8.1 
Control 1.05 ± 0.24 0.918 ± 0.17 1.02 ± 0.08 27.2 ± 4.9 
Values represent the mean ± the standard deviation. *Indicates a value significantly different from 
the control p < 0.05. 1tPKU" refers to neonatal rats with induced experimental hyperphenylalaninemia. 
Litters of 10 pups were maintained throughout lactation, 
1.0· 
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TABLE XVIII 
PERCENT OF TOTAL BRAIN 14c INCORPORATION INTO CNS MYELIN SUBFRACTIONS 
IN NEONATAL RATS WITH EXPERIMENTALLY INDUCED HYPERPHENYLALANINEMIA 
14 Percent total brain C incorporation into 
Age(days) Animal .Light myelin Medium myelin Heavy myelin 
14c DPM (xl0-6) 
Brain homogenate 
15 PKU Total myelin-- 3.57 ± 0.61 0.930 ± 0.07* 
Control II 4.69 ± 1.1 1.34 ± 0.07 
18 PKU 2.50 ± 0.44 0.987 ± 0.20 2.22 ± 0.25 0.982 ± 0.07 
Control 2. 39 ± 0.47 0.970 ± 0.20 2.22 ± 0.39 1.05 ± 0.11 
21 PKU 0.858 ± 0.29* 1.41 ± 0.47* .5.63 ± 1.2* 0.611 ± 0.09 
Control 4.26 ± o. 77 2.20 ± 0.40 2.40 ± 0.30 0.727 ± 0.09 
25 PKU 1.28 ± 0.48* 5.59 ± 1.3* 0.627 ± 0.14* 0.523 ± 0.15 
Control 3.86 ± 0.56 2.20 ± 0.26 2.10 ± 0.22 0.583 ± 0.09 
Values represent the mean ± the standard deviation. *Indicates a value significantly different from 
the control at p < 0,05. ''PKU" refers to neonatal rats with induced experimental hyperphenylalaninemia. 
Litters of 10 pups were maintained throughout lactation. 
1-' 
0 
0 
101 
actual quantities of myelin are decreased at these ages may indicate 
that there is an increased 5urnover of newly-synthesized membrane frag-
ments. The burst of heavy myelin synthesis at 21 days, and of medium 
myelin synthesis at 25 days is obvious both from actual quantities of 
myelin protein and from greater than normal levels of isotope incorpor-
ation at those ages. Nonetheless, high levels of synthesis of light 
myelin are not achieved. Synthesis of light myelin peaks at 21 days, 
as regards both 3H and 14c incorporation in the control brains; the 
ability to synthesize light myelin at anywhere near control levels was 
still not demonstrated in experimental animals by 25 days. l~evels of 
isotope incorporation into the myelin subfractions may have increased 
substantially after 25 days. Yet, in light of the inadequate amount 
of CNS myelin at 43 and 110 days in the "PKU" animals, the decreased 
rates of myelin synthesis during the most active period of myelinat.ion 
(21-25 days) seem to have resulted in long lasting myelin deficits. 
Synthesis of individual myelin proteins in control and exp~~-!!J!~a! 
myelin subfractions 
The various studies of CNS myelin formation during and after a 
stress in the p~rinatal period present a controversy: is the myelin 
which is deposited normal in biochemical composition (regardless of how 
much myelin is actually formed)? In an attempt to answer this question, 
synthesis of the individual myelin protein and lipid classes over an 18 
hour period was studied using 3H-leucine or 3H-glycine and 14c-glucose 
as precursors. 
Control synthesis of myelin basic proteins and proteolipid pro-
tein was highest in the light density subfraction (Table XIX); this is 
TABLE XIX 
. PERCENT OF TOTAL 3H INCORPORATION INTO THE INDIVIDUAL CNS MYELIN PROTEINS 
IN OFFSPRING OF PROTEIN DEPRIVED RATS 
% Total 3H in Myelin Proteins Incorporated Into 
Myelin Subfraction _An __ ima~l~~--------- Basic Proteins Proteolipid Protein High Malec. Wt. Proteins 
Light Myelin Prenatally Deprived 25.2 ± 11 9.54 ± 3.5* 62.5 ± 8.8 
Postnatally Deprived 21.6 ± 3.5 18.7 ± 1.4 53.0 ± 4.1 
Control 18.5 ± 5.1 24.8 ± 9.2 54.7 ± 6.0 
\ 
Medium Myelin Prenatally Deprived 10.9 ± 7.8 4.25 75.3 
Postnatally Deprived 16.8 ± 3.3* 8.67 ± 2.4* 70.3 ± 4.6 
Control 10.9 ± 3.3 18.8 ± 5.2 68.2 ± 5.0 
Heavy Myelin Prenatally Deprived 8.06 ± 2.9 7.49 ± 3.4* 78.0 ± 9.3 
Postnatally Deprived 10.4 ± 1.5 11.4 ± 2. 2 72.4 ± 5.2* 
Control 8.29 ± 2.8 13.2 ± 2.5 77.1 ± 2.3 
Values represent the mean of 17, 25, and 53 day old protein incorporation (experimentals) or the mean of 
15, 18, 21, 25, 40, and 53 day old protein incorporation (controls).± the standard deviation. *Indicates 
a value significantly different from the control at p < 0.05. Prenatally deprived refers to offspring of 
rats fed the low protein diet during gestation; postnatally deprived refers to offspring of rats fed the 
low protein diet during lactation. 
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to be expected as light myelin most closely resembles classical mature 
myelin, enriched in galacto:ipids and basic protein (Matthieu et al., 
1973; Zimmerman et al., 1975). Synthesis of the high molecular weight 
proteins was at its highest level in heavy myelin. This~ also is pre-
dictable, as high molecular weight proteins are enriched in the bio-
chemically immature myelin membrane. 
Synthesis of proteins in myelin subtractions from the brains of 
offspring with maternal protein deprivation followed this control pat-
tern for synthesis: basic protein synthesis was highest in the light 
subfraction and high molecular weight synthesis was highest: in th£~ 
heavy subfraction (see Table XIX). Ho~.rever, relative synthesis of 
the proteolipid protein was decreased in all three subtractions. Con-
sidering its role as a major structural protein, the decreased synthesis 
of proteolipid protein could have serious consequences. 
Offspring of rats fed the low protein diet during lactation 
synthesized basic protein to a greater than normal extent, and proteo-
lipid protein to a subnormal extent in the medium subfraction (see 
Table XIX). There was a significant decrease of high molecular weight 
protein synthesi~ in the heavy subfraction. However, protein synthesis 
in light myelin was normal in the postnatally deprived hrains. One 
would have to study the actual protein content of the myelin subfrac-
tions to determine if these variations in protein synthesis had long 
lasting effects on the myelin. 
Rats whose mothers were mildly protein-calorie deprived during 
gestation appeared to be synthesizing myelin proteins in normal propor-
tions in the various subtractions (s~e Table XX). Offspring of severely 
----- -----------------
-------------------------
TABLE XX 
PERCENT OF TOTAL 3H INCORPORATION INTO THE INDIVIDUAL CNS MYELIN PROTEINS 
IN OFFSPRING OF PROTEIN-CALORIE DEPRIVED RATS 
3 % Total H in Myelin Proteins Incorporated Into 
Myelin Subfraction ~A=n=im=a=l~~--------- Basic Proteins Proteolipid Protein High Malec. Wt. Proteins 
Light Myelin Mild P-C Deprived 20.3 16.9 62.5 
Severe P-C Deprived 23.6 ± 13. 27.1 ± 9.2 51.4 ± 19 
Control 18.5 ± 5.1 24.8 ± 9.2 54.7 ± 6.0 ~ 
Medium Myelin Mild P-C Deprived 13.0 15.7 71.2 
Severe P-C Deprived 6.60 ± 6.5 12.7 ± 4.1 80.5 ± 10* 
Control 10.9 ± 3.3 18,8 ± 5.2 68.2 ± 5.0 
Heavy Myelin Mild P-C Deprived 9.65 10.1 80.2 
Severe P-C Deprived 12.7 ± 4.0 15.8 ± 2.8 71.6 ± 6.2* 
Control 8.29 ± 2.8 13.2 ± 2.5 77.1 ± 2.3 
Values represent the mean of 18 and 25 day old protein incorporation (Mild P-C deprived), the mean of 18, 
25, and 53 day old protein incorporation (Severe P-C deprived), or the mean of 15, 18, 21, 25, 40 and 53 
day old protein incorporation (controls) ± the standard deviation. *Indicates a value significantly 
different from the control at p < 0.05. Mild and Severe P-C Deprived refer to offspring of rats which 
were protein-calorie deprived during gestation (consult text). 
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deprived mothers synthesized an excess of high molecular weight pro-
teins in the medium subfrac~ion and decreased levels of these proteins 
in heavy myelin. These alterations could reflect an alteration in a 
structural or functional myelin component; as there are multiple bands 
of high molecular weight proteins, an alteration in synthesis of one 
such protein may or may not effect the final stability of the myelin. 
Animals with experimentally induced hyperphenylalaninemia syn-
thesized excess proportions of basic protein and decreased proportions 
of proteolipid protein in both the light and medium myelin subfractions 
(see Table XXI). These altered proportions of protein synthesis are 
significant in that both the basic and proteolipid proteins are major 
structural components of the myelin membrane. Whether or not this al-
tered protein synthesis may be a result of altered availability of appro-
priate precursors (ie. a particular amino acid) is an interesting spec-
ulation. 
The relative distribution of myelin proteins in the three sub-
fractions, and their change with age, was studied in some detail in con-
trol animals (see Table XXII; Figures V, VI, and VII). Higher propor-
tions of basic protein are present in the more chemically mature sub-
fractions (light and medium). High molecular weight proteins represent 
a greater portion of the total myelin protein in the heavy myelin sub-
fraction. However, with age, the proportion of myelin basic protein in 
each subfraction increases, while that of the high molecular weight pro-
teins declines. In light and heavy myelin, the proportion of proteo-
lipid protein appears to increase with age as well. It seems that the 
protein composition of each subfraction is not fixed, but changes with 
TABLE XXI 
PERCENT OF TOTAL 3H INCORPORATION INTO THE INDIVIDUAL CNS MYELIN PROTEINS 
IN RATS WITH EXPERIMENTALLY INDUCED HYPERPHENYLALANINEMIA 
3 % Total H in Myelin Proteins Incorporated Into 
Myelin Sub fraction Animal Basic Proteins Proteolipid Protein High Molec. Wt. Proteins 
Light Myelin PKU 28.4 ± 3.1* 14.5 ± 3.5 57.0 ± 6.0 
Control 18.5 ± 5.1 24.8 ± 9.2 54.7 ± 6 .o ~ 
Medium Myelin PKU 24.6 ± 6.1* 10.3 :!: 0.84* 65.1 ± 6.1 f-1 0 
0\ 
Control 10.9 ± 3.3 18.8 ± 5.2 68.2 ± 5.0 
Heavy Myelin PKU 16.4 16.9 70.3 
Control 8.29 ± 2.8 13.2 ± 2.5 77.1 ± 2.3 
Values represent the mean of 18, 21, and 25 day old protein incorporation (PKU) or the mean of 15, 18, 21, 
25, 40 and 53 day old protein incorporation (controls) ± the standard deviation. *Indicates a value 
significantly different fr()m the control at p < 0.05. "PKU" refers to rats with experimentally induced 
hyperphenylalaninemia. 
TABLE XXII 
RELATIVE DISTRIBUTION OF MY.ELIN PROTEINS IN MYELIN SUBFRACTIONS FROM NORMAL RAT BRAIN 
Percent of Total Myelin Protein 
Myelin Subfraction Age(days) Basic Proteins Proteolipid Protein High Molecular Wt. Proteins 
Light Myelin 18 38 ± 10 21 ± 6 45 ± 20 
21 40 ± 3 24 ± 2 36 ± 3 
25 50 ± 10 23 ± 3 34 ± 8 
40 45 ± 8 24 ± 3 31 ± 4 
53 44 ± 6 29 ± 4 26 ± 5 
Medium Myelin 18 32 ± 3 18 ± 7 49 ± 8 
21 31 ± 5 23 ± 2 46 ± 3 
25 31 ± 7 17 ± 6 48 ± 6 ...... 
40 35 ± 5 25 ± 3 40 ± 1 0 -....! 
53 33 ± 6 20 ± 5 42 ± 7 
Heavy Myelin 18 11 ± 3 14 ± 7 75 ± 10 
21 11 ± 3 18 ± 1 71 ± 4 
25 20 ± 4 15 ± 4 65 ± 7 
40 21 ± 7 23 ± 2 56 ± 5 
53 24 ± 4 21 ± 3 54 ± 7 
Values represent the mean ± the standard deviation. Percent of total myelin protein was determined by 
densitometric scans of gels on which myelin proteins were separated by electrophoresis (see Materials 
& Methods). 
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Figure V 
SDS--polyacrylamide gel electrophoresis of myelin subfraction proteins 
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Figure VI 
SDS-polyacrylamide gel el~ctrophoresis of myelin subfraction proteins 
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Figure VII 
SDS--polyacrylamide gel electrophoresis of myelin subfraction proteins 
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development. Changes in lipid composition no doubt occur simultaneous-
ly, allowing myelin fragments to be isolated in the same school of den-
sities, yet having a slightly different biochemical composi.tion. 
Distribution of myelin proteins in the light myelin subfraction 
of prenatally protein-deprived offspring appeared to be within the nor-
mal limits (Table XXIII). However, there appears to be an abnormally 
high proportion of the high molecular weight proteins in the medium and 
heavy subfractions, particularly at 17 days. Relati.ve quantities of 
basic protein seem to be slightly lower than normal in medium and heavy 
myelin at 17 days; quantities of proteolipid protei.n are subnormal at 
17 and 52 days in medium myelin and at all ages studied in heavy myelin. 
This parallels the decreased 18 hour synthesis of proteolipid protein 
(Table XIX) seen in the prenatally protein-deprived brain. It is to be 
expected that a decrease in this major structural component of myelin 
will affect the stability of already deposited myelin and may hamper the 
addition of future lamellae. It may account for the serious def:f.cit of 
myelin at the older ages (Table III) in rats whose mothers wer.e fed the 
low-protein diet during gestation. 
Offspring of mothers deprived of protein during lactation (Table 
XXIV) may have quantities of high molecular protei.ns whi.ch are dispro~ 
portionately high compared to controls and proteolipid protein quanti-
ties slightly lower than controls in light myelin. Unfortunately, sta-
tistical comparisons can not be made. Decidedly lower than normal pro-
portions of basic protein are present in 17 and 25 day medium and 17 
day heavy myelin subfractions in the postnatally deprived brains. Pro-
teolipid protein is present in lower than normal proportions in 17 and 
TABLE XXIII 
RELATIVE DISTRIBUTION OF MYELIN SUBFRACTION PROTEINS 
IN OFFSPRING OF RATS DEPRIVED OF PROTEIN DURING GESTATION 
Percent of Total Myelin Protein 
Myelin subfraction Age· (days) Basic Proteins Proteolipid Protein High Molecular Wt. Proteins 
Light Myelin 17 57 16 27 
25 65 11 24 
52 48 27 25 
Medium Myelin 17 7 2 91 
25 31 12 58 
52 31 6 63 
Heavy Myelin 17 6 3 91 
25 18 9 72 
52 19 13 68 
Percent of total myelin protein was determined by densitometric scans of gels on which myelin proteins 
were separated by electrophoresis (see Materials & Methods). 
..... 
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TABLE XXIV 
RELATIVE DISTRIBUTION OF MYELIN SUBFRACTION PROTEINS 
IN OFFSPRING OF RATS DEPRIVED OF PROTEIN DURING LACTATION 
Percent of Total Myelin Protein 
Myelin subfraction Age(days)' -Bas-ic Proteins Proteolipid Protein High Molecular Wt. Proteins 
Light Myelin 17 43 9 47 
25 20 7 73 
53 45 18 36 
Medium Myelin 17 8 3 88 
25 12 9 79 
53 43 18 38 
Heavy Myelin 17 6 5 89 
25 15 5 80 
53 18 18 64 
Percent of total myelin protein was determined by densitometric scans of gels on which myelin proteins 
were separated by electrophoresis {see Materials & Methods). 
..... 
..... 
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25 day old medium and heavy myelin; at the same time~ high molecular 
weight proteins are present in higher than normal proportions. By 53 
days, all three myelin subfractions appear to have a near-normal dis-
tribution of proteins. The abnormalities in 18 hour synthesis of myelin 
protein classes (Table XIX) apparently do not have serious effects on 
myelin composition at the older ages. 
Distribution of myelin-proteins in heavy myelin (Table XXV) of 
rats whose mothers were severely protein-calorie deprived during gesta-
tion does not deviate from the control pattern. It appears, however, 
that there are subnormal proportions of basic protein in light and me-
dium myelin at 18, 25, and 53 days. There is a corresponding excess of 
the high molecular weight proteins in light myelin at 53 days and in me-
dium myelin at 17 and 53 days. Thus, although offspring of severely 
protein-calorie malnourished mothers manage to synthesize near-normal 
quantities and proportions of the three myelin subfractions by 53 days 
(Table XI) the protein composition of the two predominant fract:l.ons 
(light and medium) may be slightly immature, containing insuffic:f.ent: 
quantities of myelin basic proteins and an excess of the high molecular 
weight proteins.· 
Serious alterations in the distribution of myelin proteins were 
observed in all three myelin subfractions from rats with experimentally 
induced hyperphenylalaninemia (Table XXVI). Relative proportions of 
the basic proteins are lower than normal in light myelin at all ages, 
in medium myelin at all ages, and in heavy myelin at 25 and 43 days. 
High molecular weight proteins were present in corresponding higher than 
normal proportions at all ages in all three subfractions, except for 18 
------------------- ------------- --~--~--~.--_,..,.,-.,.._ .... 
TABLE XXV 
RELATIVE DISTRIBUTION OF MYELIN SUBFRACTION PROTEINS 
IN OFFSPRING OF RATS SEVERELY PROTEIN-CALORIE DEPRIVED DURING GESTATION 
Percent of Total Myelin Protein 
Myelin subfraction Age(days) Basic Proteins Proteolipid Protein High Molecular Wt. Proteins 
Light Myelin 18 27 24 49 
25 31 26 42 
53 31 26 43 
Medium Myelin 18 24 21 55 
25 20 23 57 
53 21 23 56 
Heavy Myelin 18 16 16 68 
25 11 16 73 
53 21 21 58 
Percent of total myelin protein was determined by densitometric scans of gels on which myelin proteins 
were separated by electrophoresis (see Materials & Methods). 
...... 
...... 
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TABLE XXVI 
RELATIVE DISTRIBUTION OF MYELIN SUBFRACTION PROTEINS 
IN RATS WITH EXPERIMENTALLY INDUCED HYPERPHENYLALANINEMIA 
Percent of Total Myelin Protein 
Myelin subfraction Age(days) Basic Proteins Proteolipid Protein High Molecular Wt. Proteins 
Light Myelin 
Medium Myelin 
Heavy Myelin 
18 
21 
25 
43 
18 
21 
25 
43 
18 
21 
25 
43 
16 
21 
25 
24 
15 
20 
15 
19 
13 
19 
12 
9 
18 
15 
19 
27 
12 
21 
22 
22 
13 
18 
12 
21 
66 
63 
55 
49 
73 
59 
63 
59 
73 
63 
76 
70 
Percent of total myelin protein was determined by densitometric scans of gels on which myelin proteins 
were separated by electrophoresis (see Materials & Methods). 
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day old heavy myelin. It is interesting that the proportion of 3H in-
corporated into basic protV.n is higher than normal (Table XXI) in light 
and medium myelin of PKU brain. However, since the light myelin sub~ 
fraction as a whole is less metabolically active than normal as measured 
by 3H incorporation (Table XVII), this excess proportion of basic pro-
tein synthesis may still result in subnormal total basic protein content 
in light myelin. The medium myelin subfraction can not be as easily ex-
plained. Perhaps, as a result of the amino acid imbalance, adequate 
machinery and precursors for myelin synthesis (one would suspect this is 
a problem related to the oligos) are simply not generati.ng myelin pro-
teins in proportions leading to optimal myelin stability. The abnormal 
myelin protein distribution and subnormal yields of myelin at all ages 
(Table XV) in the "PKU" brains seem to substantiate this idea. 
Synthesis of individual myelin lipid classes in control_and~~~rime~­
tal myelin subfractions 
Metabolic studies of the four main classes of myelin lipids 
over an 18 hour period revealed that cholesterol and sulfat:ides are 
synthesized to the same extent in all three myelin subfractions of con-
trol brain (see 'Table XXVII). Cerebroside synthesis tended to be 
slightly higher in light myelin; phospholipid synthesis was highest. fn 
the heavy subfraction. This finding is in agreement with the fact t:hal 
myelin is characteristically enriched with cerebrosides. Phospholipid, 
the backbone of membrane structure, would predominate in newly forming 
less mature membranes-- in this case, the heavy myelin subfraction. 
Lipid synthesis in myelin subfractions from the brains of pre-
natally protein deprived offspring paralleled the control pattern 
Myelin subfraction 
Light myelin 
Medium myelin 
Heavy myelin 
TABLE XXVII 
PERCENT OF TOTAL 14c INCORPORATION INTO THE INDIVIDUAL CNS MYELIN LIPID CLASSES 
IN OFFSPRING OF PROTEIN DEPRIVED RATS 
% Total 14c in Myelin Lipids Incorporated Into 
Animal Cholesterol Phospholipids Sulfa tides Cerebrosides 
Prenatally Deprived 28.7 ± 6.4 32.5 ± 8.1 13.2 ± 6.9 24.0 ± 4.6 
Postnatally Deprived 19.4 ± 18 40.0 ± 2.7 11.7 ± 11 25.4 ± 5.0 
Control 26.0 ± 3.4 32.7 ± 9.3 17.1 ± 2.1 231.9 ± 4.6 
Prenatally Deprived 27.2 ± 4.1 37.6 ± 5.6 12.1 ± 6.0 22.3 ± 6.0 
Postnatally Deprived 25.5 ± 6.0 45.5 ± 7.4 10.5 ± 6.8 16.2 ± 1.8 
Control 26.4 ± 4.3 35.8 ± 9.6 16.3 ± 2.9 21.4 ± 4.7 
Prenatally Deprived 28.7 ± 4.1 37.5 ± 10 13.5 ± 7.9 19.1 ± 1.6 
Postnatally Deprived 24.9 ± 7.0 47.7 ± 7.1 11.3 ± 5.6* 13.6 ± 4.3 
Control 23.3 ± 5.2 41.6 ± 11 17.2 ± 0.89 17.5 ± 5.8 
Values represent the mean of 17, 25, and 53 day old lipid incorporation (experimentals) or the mean of 
18, 21, 25 and 53 day old lipid incorporation (controls) ± the standard deviation. *Indicates a value 
significantly different from the control at p < 0.05. Prenatally deprived refers to offspring of rats 
fed the low protein diet during gestation; postnatally deprived refers to offspring of rats fed the low 
protein diet during lactation. 
f-' 
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(Table XXVII). With the exception of significantly decreased sulfatide 
synthesis in the heavy myelin subfraction, offspring of rats deprived 
of protein during lactation also synthesized normal proportions of mye-
lin lipids. 
It appears that lipid synthesis in offspring of mildly deprived 
mothers (Table XXVIII) may be disproportionately high for phospholipids 
and correspondingly low for sulfatides. However, the values represent 
the average of only two age points and statistical comparisons can not 
be made. The fact that offspring of severely protein-calorie deprived 
animals synthesize proper proportions of the lipid classes in all three 
CNS myelin subfractions (Table XXVIII) makes it doubtful that the less-
stressed animals would have serious difficulty with myelin lipid syn-
thesis. 
Synthesis of myelin lipids is disrupted to a less extent than 
that of the proteins in brains of the "PKU11 rats (see Table XXIX). A 
significant decrease of sulfatide synthesis and significant excess of 
cholesterol synthesis were observed in the heavy myelin subfraction. 
Proper proportions of lipids were inserted in the light and medium sub-
fractions, however. This altered lipid synthesis in the heavy myelin 
subfraction may or may not have long-lasting effects on myelin structure 
and stability. 
Synthesis of myelin in the Quaking mouse 
The formation of myelin subfractions in the Quaking mouse brain 
was studied by following the incorporation of 3H leucine into whole 
brain and myelin. Non-radioactive rat brain was homogenized with the 
mouse brain in order to act as a carrier during the centrifugation steps. 
TABI.E XXVIII 
PERCENT OF TOTAL 14c INCORPORATION INTO THE INDIVIDUAL CNS MYELIN LIPID CLASSES 
IN OFFSPRING OF PROTEIN-CALORIE DEPRIVED RATS 
% Total 14c in Myelin Lipids Incorporated Into 
Myelin subfraction ~An~ima~l~-·--------- Cholesterol Phospholipids Sulfatides Cerebrosides 
Light myelin Mild P-C Deprived 31.5 33.7 11.7 23.3 
Severe P-C Deprived 25.2 ± 3.3 37.3 ± 11 18.1 ± 6.0 19.5 ± 6.8 
Control 26.0 ± 3.4 32.7 ± 9.3 17.1 ± 2.1 23.9 I± 4 • 6 
Medium myelin Mild P-C Deprived 30.2 47.0 5.46 17.2 
Severe P-C Deprived 28.5 ± 2.4 36.3 ± 8.7 14.5 ± 3.8 20.6 ± 7.3 
Control 26.4 ± 4.3 35.8 ± .9. 6 16.3 ± 2.9 21.4 ± 4.7 
Heavy myelin Mild P-C Deprived 32.6 47.1 5.90 14.3 
Severe P-C Deprived 28.6 ± 2.7 41.0 ± 12 13.9 ± 6.8 16.5 ± 7.8 
Control 23.3 ± 5.2 41.6 ± 11 17.2 ± 0.89 17.5 ± 5.8 
Values represent the mean of 18 and 25 day old lipid incorporation (Mild P-C deprived), the mean of 18, 
25 and 53 day old lipid incorporation (Severe P-C deprived), or the mean of 18, 21, 25 and 53 day old 
lipid incorporation (controls) ± the standard deviation. None of the experimental values were signifi-
cantly different from the control at p < 0.05. Mild and Severe P-C Deprived refer to offspring of rats 
which were protein-calorie deprived during gestation (consult text). 
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N 
0 
TABLE XXIX 
PERCENT OF TOTAL 14c INCORPORATION INTO THE INDIVIDUAL CNS MYELIN LIPID CLASSES 
IN RATS WITH EXPERIMENTALLY l.NDUCED HYPERPHENYLALANINEMIA 
% Total 14c in Myelin Lipids Incorporated Into 
Myelin sub fraction Animal Cholesterol Phospholipids Sulfa tides Cerebrosides 
Light myelin PKU 28.5 ± 4.0 27.0 ± 5.6 19.4 ± 1.5 25.0 ± 5.0 
Control 26.0 ± 3.4 32.7 ± 9.3 17.1 ± 2.1 23.9 \± 4.6 
Medium myelin PKU 30.1 ± 3.7 28.0 ± 4.2 15.0 ± 2.0 26.8 ± 2.2 
Control 26.4 ± 4.3 35.8 ± 9.6 16.3 ± 2.9 21.4 ± 4.7 
Heavy myelin PKU 30.0 ± 4.0* 32.3 ± 5.1 14.4 ± 1.5* 23.2 ± 3.2 
Control 23.3 ± 5.2 41.6 ±'11 17.2 ± 0.89 17.5 ± 5.8 
Values represent the mean of 18, 21 and 25 day old lipid incorporation (PKU) or the mean of 18, 21, 25 
and 53 day old lipid incorporation (controls) ± the standard deviation. *Indicates a value significant-
ly different from the control at p < 0.05. ''PKU" refers to rats with experimentally induced hyper~ 
phenylalaninemia, 
..... 
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As a result, quantitative studies to compare quaking and normal myelin 
could not be carried out. Quaking mouse brain protein synthesis, 
measured over an 18 hour period by incorporation of 3H leucine was 
significantly greater than that in the brain of normal littermates 
(Table XXX). However, synthesis of light and medium myelin in the Qua-
king brain was significantly decreased in comparison to controls. In-
corporation of 3H into all three myelin subfractions was diminished in 
the Quaking mouse, but each subfraction was affected to a different 
degree. The Quaking mouse was able to synthesize the chemically imma-
ture heavy subfraction at almost normal levels (82.9%) while synthesis 
of light and medium myelin was severely diminished, to 11.8 and 31.9% 
of normal, respectively. 
Synthesis of the myelin basic proteins was decreased in relation 
to other myelin proteins in the light and heavy myelin subfractions of 
the Quaking mouse. At the same time, high molecular weight protein syn-
thesis was relatively increased in these subfractions (see Table XXXI). 
To summarize, this brief metabolic study demonstrated an inabil-
ity on the part of the Quaking mouse to synthesize the lighter subfrac-
tions of myelin. Included in this deficiency is a problem synthesizing 
and/or incorporating correct proportions of the various myelin proteins. 
Mouse 
Control 
Quakingt 
TABLE XXX 
INCORPORATION OF' 3H INTO MYELIN SUBFRACTIONS OF QUAKING AND NORMAL MOUSE BRAIN 
Myelin Subfraction 3H DPM (xl0-3) 
Light Medium Heavy 
26.72 ±21.6 19.28±10.5 24.73±15.3 
2.360 ±1.83* 4.180±1.68* 16.09±15.6 
3 Homogenate H 
DPM (xlo-6) 
3.844 ± 0.578 
5. 825 ± 1.13* 
Quaking Incorporation as % Normal 
Light Medium Heavy 
11.8±4.3 31.9±17.4 82.9±12.7 
All values represent·the mean± the standard dev~ation. *Indicates a value significantly different from 
the control at p < 0,05, 
tTo adjust for animal and experimental variability, values for Quaking mice myelin subfraction DPM were 
multiplied by a factor "k" which was determined by the following equation for each experiment: 
DPM quaking brain homogenate x k = 1 
DPM control brain homogenate 
4 
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TABLE XXXI 
PERCENT INCORPORATION OF 3H INTO MYELIN SUBFRACTION PROTEINS 
OF QUAKING AND NORMAL MOUSE BRAIN 
% 3H Incorporation into Myelin Proteins 
High Molecular 
Myelin subfraction Mouse Basic Proteolipid Weight 
Light Control 47.6 14.6 37.7 
Quaking 26.7 ±7.9 15.9 ±6.4 57.3 ±4.7 
Medium Control 25.8 12.3 61.9 
Quaking 24.2 ±4.4 13.6 ±6.6 64.9 ±7.4 
Heavy Control 36.1 12.7 51.2 
Quaking 28.7 ±11 13.7 ±2.6 66.2 ±6.8 
Values represent the average of two or three determinations 
Quaking values are listed as the mean ± the standard deviation 
CHAPTER V 
DISCUSSION 
Myelin subfraction synthesis in the Quaking mouse 
Synthesis of myelin subfractions in the Quaking mouse was in-
vestigated in order to shed light on the ability of the myelin-deficient 
mutant to synthesize mature myelin. In addition, the possible role of 
heavy myelin as a precursor to the lighter subfractions was considered. 
The Quaking mouse was able to synthesize heavy myelin to a near normal 
extent (83%) as measured by incorporation of 3H leucine. However, 311 
incorporation into medium myelin was less than one-third the normal 
levels (32%) and synthesis of the light myelin subfraction was dimin-
ished to 12% of normal. From these results, it can be concluded that 
the Quaking mouse brain has problems synthesizing the chemically mature 
lighter density myelin membranes-- which most closely resemble classical 
adult myelin and predominate in the adult brain. This is consistent 
with the findings of Hogan and Joseph (1970) who report that early 
stages of myeli~ation appear to be normal in the Quaking mouse brain, 
after which the normal active spurt of myelination (15-25 days) fails 
to take place. The Quaking mice in this study were able to synthesize 
the biochemically immature heavy myelin subfraction, which is the pre-
dominant form of myelin at the earliest ages; subsequent synthesis of 
the more mature myelin lamellae fell far below the normal rates. These 
125 
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findings are also consistent with electron microscopic studies of Quak-
ing mouse myelin (Samorajski et al., 1970; Wisniewski and Morell, 1971; 
... --
Gregson and Oxberry, 1972; Watanabe and Bingle, 1972) which reported a 
majority of axons in the Quaking brain had thin, noncompacted sheaths--
that is, immature myelin. This electron micrograph description also 
matches that of the heavy myelin subfraction (Matthieu et al., 1973; 
Zimmerman et al., 1975). The ability to synthesize immature myelin, 
then, is not significantly impaired in the Quaking mouse. 
Incorporation of 3H leucine into myelin proteins of the Quaking 
mouse revealed a decreased 18-hour synthesis of the high molecular 
weight proteins in the light and heavy subfractions. These results 
were consistent with findings of Greenfield et al. (1971); Gregson and 
Oxberry (1972); and Druse and Hogan (1974) who report a decreased pro-
portion of basic protein and far greater proportion of the high molecu-
lar weight proteins in myelin from the Quaking mouse brain. These au-
thors also report a lower proportion of proteolipid protein in Quaking 
mouse myelin. Changes in 18-hour synthesis of the proteolipid protein 
did not appear in this study; it was impossible to gauge the actual dis-
tribution of the myelin proteins, as rat brain myelin was isolated si-
multaneously, to act as a "carrier" in the centrifugation steps. 
The results of this study also support the suggestion that the 
heavier density myelin membranes may play a precursor role in the form-
ation of the lighter density membranes (Agrawal et al., 1974; Druse and 
Hofteig, 1975; Zimmerman et al., 1975; Hofteig and Druse, 1976; and 
Benjamins et al., 1976 a & b). It is possible that synthesis of the 
various density membranes may be under separate genetic control. Alter-
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nately, if heavy myelin plays a precursor rolet it is possible that 
there is a genetic impairn:_ent blocking insertion of the myelin-specific 
proteins and lipids into the heavy density membranes. No changes were 
found in ceramide galactosidase (Kanfer and Sargent, 1971), sulfotrans-
ferase (Kanfer and Stein, 1972) or galactosyl sphingosine transferase 
(Neskovic, Nussbaum, and Mandel, 1970) properties when isolated from 
Quaking brain; these enzymes are essential for galactolipid synthesis 
and metabolism. Greenfield, Brostoff and Hogan (1976) report normal 
synthesis of basic proteins in Quaking whole brain. The problem, then, 
probably lies in the actual assembling of the mature membranek Inser-
tion of proteins and lipids must be genetically impaired. This being 
the case, decreased insertion of the myelin-specific proteins and lipids 
into the precursor heavy-density membranes should result in a decreased 
production of the less dense medium and light myelin membranes--exactly 
what this study revealed. 
Synthesis of myelin in control rat brain 
Accretion of protein in rat brain with age, accretion of CNS 
myelin, and distribution of CNS myelin in the density subtractions of 
Matthieu et al.' (1973) as reported in this study are in agreement with 
the findings of others (Norton and Poduslo, 1973b; Matthieu et al., 
1973; Zimmerman et al., 1975; Hofteig and Druse, 1976). While total 
protein in the brain appears to level off between 200-220 mg by 40 days 
postpartum, myelin accretion continues. In this study, peak myelin syn-
thesis occurs between 15 and 25 days postpartum; however, slow deposi-
tion of myelin still occurred between 53 and 110 days. At the early 
ages studied, a preponderance of the myelin membranes isolated fell into 
r 
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the heavy density range. As rapid myelination continued, a shift in 
the distribution of myelin_between the subfractions occurred and the 
majority of myelin was isolated in the lighter density (light and medi.-
um) membrane collections. 
Metabolic studies demonstrated peak synthesis of myelin proteins 
3 3" (measured by 18-hour incorporation of H leucine or H glycine) and of 
14 
myelin lipids (measured by 18-hour incorporation of C glucose) gener-
ally occurred in the 21-25 day old period for all three myelin subfrac-
tions. Actual quantitative studies of myeHn deposited (Norton and Po-
duslo, 1973b) determined that the max:i.mal rate of myelination occurs at 
20 days postpartum in the rat, myelin deposition being 3.5 mg/day at 
that age. This is not in contradiction with the findings of this study, 
as peak incorporation may have occurred in 20-day old rat brain, but 
myelin was not isolated and studied between the ages of 18 and 21 days. 
Isotope incorporation into the three subfractions either was h:i.ghest: in 
light myelin at 18 days, or had shifted to be highest in light myelin 
by the next age point studied. Thus, synthesis of the light myelin 
subfraction comes to predominate over synthesis of medi~1 and heavy 
myelin within several days of the initiation of myelinat:f.on and conti.n-
ues to predominate at all ages studied thereafter. 
Eighteen-hour synthesis of individual myelin lipids revealed 
most active synthesis of cerebrosides in the light myelin subfraction 
as compared to medium and heavy myelin, and most active synthesis of 
phospholipids in heavy myelin, as compared to light and medium myelin, 
with approximately equal synthesis of cholesterol and sulfatides in all 
three subfractions. Assuming a precursor role for the heavier density 
r 
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myelin fragments. one would expect higher levels of cerebroside (the 
lipid whose concentration is enriched in mature myelin) incorporation 
into the most mature-appearing subfraction (light myelin). Heavy mye-
lin, being the parent membrane, so to speak, would resemble most closely 
the typical plasma membrane, of which phospholipids play a significant 
structural role. Benjamins et al. (1976a) report sequential addition 
of phospholipids to the myelin membrane indicating a precursor role for 
the denser myelin fragments. This is consistent with what is reported 
here: phospholipid synthesis is active in heavy myelin and decreases 
in relation to synthesis of other lipids in the more mature myelin mem-· 
branes. Benjamins also speculates that addition of galactolipids occurs 
simultaneously in all subfractions, and its synthesis may be in situ. 
The findings of this study, that a slightly greater proportion of lipid 
synthesis in light myelin is associated with cerebrosides does not 
necessarily contradict the findings of Benjamins et al. (1976a) that 
cerebrosides are simultaneously added to all the subfractions. It :fs 
possible that cerebroside is being inserted into myelin membranes of all 
densities, but the process is favored in more mature myelin lamellae. 
Studies of synthesis of individual myelin proteins over an 18-
hour period demonstrated highest levels of synthesis of basic and pro-
teolipid proteins in the light myelin subfraction. Synthesis of the 
high molecular weight proteins was proportionally lowest in light myelin 
and highest in heavy myelin. The findings of Benjamins et al. (1976b) 
that proteolipid protein is added to heavier density membranes in a 
precursor pattern conforms to what was seen in this study. It was also 
reported that Wolfgram and basic proteins are added simultaneously to 
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all densities of myelin membrane which may not contradict this study 
if basic protein is being added preferentially to the lighter density 
membranes, yet simultaneously to all membranes. 
The distribution of ongoing protein synthesis in the myelin 
subtractions coincides very well with the actual proportions of proteins 
found in the myelin subtractions. Proportions of basic and proteolipid 
proteins were highest in light myelin; at the same time high molecular 
weight protein proportions were lowest in light myelin and highest in 
heavy myelin. This is in agreement with the findings of Matthieu et al. 
(1973). The study of the distribution of myelin proteins in the sub-
fractions revealed a definite change with age: basic protein composi-
tion of the light and heavy subtractions increased with age. This is 
consistent with Benjamins' report of simultaneous addition of basic 
protein to all the subtractions (1976b). Concentration of proteolipid 
protein in heavy myelin (also, perhaps in light myelin) increased with 
age_so that by 53 days, all three subfractions had nearly equal propor-
tions of proteolipid protein. This corresponds exactly with the find-
ings of Zimmerman et al. (1975). Lastly, the proportion of high molecu-
lar weight pronein in each subfraction appeared to decrease with age, 
no doubt due to dilution of each subfraction with basic (and to a lesser 
extent, proteolipid) proteins. 
Let us now turn our attention to synthesis of the myelin subfrac-
tions under the various conditions of stress during the perinatal period. 
Myelination in offspring of prenatally protein-calorie deprived rats 
Probably affected the least was myelination in brains of rats 
whose mothers had been protein-calorie deprived during the last 10-12 
r 
131 
days of gestation. The mildly stressed animals were synthesizing the 
light subfraction at a good level by 25 days postpartum and appeared 
to be synthesizing normal proportions of the myelin proteins. Although 
some effects of the stress were seen, it is to be concluded that recov-
ery of myelin could easily occur. 
Naturally, offspring of the severely protein-calorie deprived 
mothers had more problems than their mildly stressed counterparts. A 
consistent pattern was observed: brain and body weight, total brain 
protein, total myelin protein, and the quantities of the various myelin 
subfractions were decreased from normal up to and including the 25-day 
old age point. 3H incorporation was decreased in light and medium sub-
fractions at 18 days and in all three subfractions at 25 days. 14c in-
corporation was decreased in light myelin at 15, 18, and 25 days, in 
medium myelin at 15 and 18 days, and in heavy myelin at 25 days! How-
ever, by 53 days a remarkable catch-up occurred. Brain and body weight, 
total brain protein and total myelin protein were back to normal. There 
was greater than normal incorporation of both 3H and 14c into the light 
and medium myelin subfractions at 53 days. This probably indicates a 
compensatory acteleration of myelination; indeed, greater than normal 
amounts of myelin were isolated as medium myelin at 53 days. 
Synthesis of lipids in the protein-calorie stressed animals was 
normal. Alterations in the synthesis of the high molecular weight pro-
teins were noted, however. Light and medium myelin had increased pro-
portions of high molecular weight proteins at 53 days and decreased pro-
portions of basic proteins at 18, 25, and 53 days. 
It appears that in the brain of offspring of mothers severely 
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protein-calorie deprived during gestation, general brain growth, as 
well as myelination, are delayed during the first few weeks postpartum. 
By 53 days, brain, body, and myelin had recovered in terms of quantity. 
The myelin at 53 days may be somewhat immature in composition, as can 
be judged by the altered protein content. However, levels of synthesis 
in light and medium myelin were very high at 53 days, and it is entirely 
possible that these lighter fractions could recover in terms of chemical 
maturity as well. 
Myelination in offspring of prenatally protein deprived rats 
The other prenatal stress studied, maternal protein deprivatfon, 
had much more serious results on myelination in the offspring. This 
could be explained by the fact that the protein-calorie deprived mothers 
were receiving one-half the normal allotment of dietary protein while 
protein deprived mothers received one-third the normal quantity of pro-
tein. Body and brain weights and total brain protein levels were near 
normal. Total myelin protein quantities were normal at the early ages, 
but there was an excess proportion of the immature heavy subfraction. 
At the older ages, far less than the normal quantities of·myelin were 
isolated from the prenatally protein-deprived offspring. Although in-
corporation of 3H was higher than normal in light and heavy myelin and 
that of 14c was higher than normal in heavy myelin at 53 days in these 
malnourished offspring, levels of incorporation of both 3H and 14c peak 
by 25 days in all three subfractions. Thus, although it appears that 
active myelination has been somewhat delayed and is still proceeding at 
53 days, synthesis of myelin on the whole is declining. It is doubtful 
that adult quantities of myelin could be attained in these brains. De-
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creased 18-hour synthesis of the proteolipid protein in all three sub-
fractions was paralleled by decreased acutal proportions of this protein 
at 17 and 52 days in medium myelin and at all ages in heavy myelin. 
Synthesis of myelin lipids was almost totally normal. 
It is possible that the decreased proportions of one of the ma-
jor myelin proteins, proteolipid protein, resulted in significant alter-
ations in the myelin which was deposited. Either the myelin was less 
stable (ie. not properly compacted) or new lamellae could not be added 
quickly due to the shortage of this protein. The result was a signifi-
cant deficiency in myelin that was permanent in nature. 
MYelination in offspring of postnatally protein deprived rats 
Offspring whose mothers were fed the low protein diet during 
the first 25 days postpartum differed from their counterparts receiving 
the prenatal stress in that their brain and body weights were affected--
they levelled off far below the controls. Total brain protein was sub-
normal at the early ages, but recovered by 53 days. Total myelin quan-
tities were subnormal at all ages. All three myelin subfractions were 
significantly lower than normal in quantity by 25 days. At 25 days, 
animals were weaned and allowed to rehabilitate. 3 H incorporation into 
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all three subfractions and C incorporation into light and heavy myelin 
surpassed control levels at 53 days in the postnatally deprived brains. 
In fact, peak myelin subfraction synthesis was observed at that age 
point. Nonetheless, the myelin synthesized had a disproportionately 
large percent of heavy myelin. At the young ages, decreases in proteo-
lipid protein content and synthesis and increases in high molecular 
weight protein content were seen. The protein and lipid composition 
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of the myelin subfractions was near normal by 53 days. 
It appears probable~ that the delayed onset of myelin synthesis 
could produce myelin fairly normal in composition~ but in permanently 
decreased quantities. Why? Even though percent of brain synthesis 
involved with myelination was highest at 53 days, and much greater than 
normal, brain synthesis had declined by 53 days so that the rate of 
myelination was not as high as it appears. Early disturbances in myelin 
protein synthesis and distribution may also contribute to the problem. 
Despite the attempted catch-up between 25 and 53 days, only one-half 
the normal amount of myelin was present at 53 days and an excess of it 
was isolated in the heavy subfraction. 
Of the two stresses, prenatal and postnatal maternal protein 
deprivation, the former appears to have more severe consequences. At 
53 days postpartum~ 53 days after termination of the prenatal stress and 
28 days after termination of the postnatal stress~ the prenatally 
stressed brains have less total myelin than their postnatally stressed 
counterparts. The difference lies in the lack of medium myelin in the 
prenatally deprived brain. The prenatal stress could affect the multi-
plication and growth of axons and indirectly affect the oligodendroglia. 
The postnatal stress would more likely have a direct effect on oligoden~ 
droglial division and growth. Apparently, the latter process could be 
rehabilitated more readily. A decreased number and size of axons simply 
requires less myelin segments and fewer lamellae per segment while de-
creased numbers of oligodendroglia could myelinate a normal population 
of axons to a near normal extent given extra time and adequate nutrients. 
Howe•rer, in this postnatal protein deprivation study, very active rates 
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of myelin synthesis were unsuccessful in generating normal quantities 
of myelin; the oligodendroglia population or brain pools of nutrients 
were probably too limited to allow normal myelination. 
M&elin synthesis after an induced amino acid disorder 
Permanent stunting of myelination also apparently resulted from 
experimental hyperphenylalaninemia induced in suckling rats. While 
body weight was not affected by this syndrome, and brain weight was only 
affected at the youngest ages, total brain protein levels were subnormal 
from 21 days onward and quantity of CNS myelin was decreased at all 
ages studied. 
With the exception of a burst of heavy myelin synthesis at 21 
days and of medium myelin at 25 and 43 days (possibly following a direct 
precursor-product route), myelin subfractions were decreased from normai 
amounts at all ages examined. Synthesis of light myelin, measured by 
3H and 14c incorporation, never attained control levels. The result was 
a consistently subnormal proportion of light myelin. Individual lipid 
synthesis in heavy myelin was altered. Although basic protein synthesis 
as a proportion of total myelin protein synthesis was increased, basic 
protein content' in all three subtractions was decreased and high molecu-
lar weight protein content was increased. It is possible that in these 
"PKU" brains, synthesis of myelin components and actual assembly of the 
myelin membranes into compacted lamellae are not adequately synchronized. 
This idea is not hard to accept-- whole brain protein levels were signi-
ficantly decreased by the amino acid disorder. Availability of suffi-
cient amount of precursors in whole brain pools and availability at the 
appropriate time could seriously affect the rate of myelination. 
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Being a postnatal stress, this amino acid imbalance probably 
mediated its effects on my~lin through the oligodendroglia. One result 
of the amino acid imbalance could be, simply, a decreased number of 
oligos. Another possibility would be a decreased supply of nutrients 
and/or precursors for the elaboration of the oligodendroglial cell proc-
esses and myelination, or myelin compaction. In a hypothetical calcula-
tion, Norton and Poduslo {1973b) showed that at peak periods of synthe-
sis, an oligodendroglial cell could be producing several times its own 
weight in myelin per day. From this, it can be clearly seen that any 
shortage of metabolites for the oligodendroglia could seriously inter-
rupt myelination. 
While the protein-deprivation stresses may have had more severe 
effects on quantity of myelin produced, the myelin deposited in the 
"PKU" brains is probably biochemically the most immature in terms of 
decreased proportions of the lighter density membranes. In addition, 
the·"PKU" myelin displayed the greatest disturbance in synthesis of 
the individual myelin lipids and distribution of the myelin proteins. 
The result of the experimental amino acid imbalance then, is production 
of subnormal qtiantities of myelin membrane which is immature in compo-
sition. 
To summarize, then: The prenatal protein-calorie deprivation 
resulted in a temporary deficit of myelin which appeared to recover by 
53 days, although the myelin may have a slightly immature composition. 
The prenatal maternal protein deprivation resulted in the most serious 
deficit in myelin, probably a result of a decreased axonal population. 
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Offspring of postnatally protein deprived rats displayed a serious def-
icit in myelin; a vigorous but ineffective attempt at catch-up was ob-
served. Lastly, neonatal animals with i.nduced amino acid disorders dis-
played a less severe, but consistent deficit of myelin which was bio-
chemically immature. 
McLeod et al. (1972) found that maternal protein deprivation 
produced more severe stunting of brain and body growth than protein-
calorie deprivation in the perinatal period. The results of this study 
indicate that this can be further extended to apply to myelination. 
Maternal protein deprivation during gestation resulted i.n permanent mye-
lin deficits while maternal protein-calorie deprivation caused a delay 
in active myelination but no permanent deficit. 
Decreases in myelin quantity following maternal protein depriva-
tion, as reported here, agree with the findings of Nakhasi ~ al. (1975) 
and Simons and Johnston (1976). The latter group also report recovery 
of myelin composition to near normal; this was seen in the myelin sub-
fractions of the postnatally protein deprived offspring. 
As mentioned in the review of the related literature, many stud-
ies of protein-calorie deprivation effects on myelination have been car-
ried out {Fishman et al., 1971; Fox~ al., 1972; Wood, 1973; Wiggins 
et al., 1974; Krigman and Hogan, 1976; Wiggins et al., 1976). The most 
recent thinking is that there is probably little chance for myelin re-
covery due to decreased or dysfunctioning oligodendroglia (Krigman and 
Hogan, 1976; Wiggins et al., 1976; Wiggins and Fuller, 1978). However, 
these studies dealt with postnatal protein-calorie deprivation. The 
study reported here, where rat mothers received less than one-half the 
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required amount of nourishment during the last half of gestation, re-
vealed that there might be~some sparing of the offspring. A remarkable 
recovery of myelination, as well as other processes in the brain, oc-
curred by 53 days postpartum. Permanent brain damage does not occur as 
the result of the prenatal protein calorie stress. 
The study of experimental amino acid imbalance, hyperphenylala-
ninemia revealed a deficit in brain myelin in the rat, which supports 
the findings by Clarke and Lowden (1969); Chase and O'Brien (1970); 
Barbato et _&. (1968) and Shah ~ al. (1972b). This author tends to 
agree with Waisman et al. (1964) that the problem with myelinat:i.on could 
be secondary to oligodendroglia! disorders in nature. In addition, this 
study reports isolation of myelin from the hyperphenylalaninemic brains 
which is decidedly immature in composition, even at 110 days, contrary 
to the report of Shah et al. (1972b). 
What is the possible significance of these myelin disorders, 
both qualitative and quantitative? Animal behavior studies involving 
prenatal maternal protein deprivation (Caldwell and Churchill, 1967), 
postnatal maternal protein deprivation (Levitsky and Barnes, 1970 & 
" 1972), pre and postnatal protein deprivation (Osofsky, 1969; Randt and 
Derby, 1973; Smart, Dobbing, Adlard, Lynch and Sands, 1973) and protein-
calorie deprivation (Barnes, Cunnold, Zimmerman, Simmons, MacLeod, and 
Krook, 1966; Rech and Weichsel, 1973) generally concur that behavioral 
disorders can be the result of these nutritional stresses. Discussions 
of the human situation (Eichenwald and Fry, 1969; Cravioto and Delicar-
die, 1970; Barnes, 1971; Martin, 1973 and Dyson and Jones, 1976) agree 
that it is difficult to be clear cut when discussing which are effects 
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of human malnutrition, as emotional and environmental deprivation fac-
-tors have a hand in the syndrome. Blatant functional losses are obvious 
in multiple sclerosis, the myelin mutant mice, and human PKU patients, 
three syndromes with documented myelination disorder. Possibly"the 
effects of some human malnutrition may seem mild in comparison-- losses 
in perception, attention, language and motor development (Martin, 1973); 
these may be the result of less severe, but permanent myelination dis-
orders. This makes for interesting speculation. The studies reported 
here demonstrate that long-lasting myelin disorders can result either 
from indirect (maternal) or direct stress, very brief in duration, if 
it occurs in the perinatal period. 
r 
CHAPTER VI 
SUMMARY 
Malnutrition early in development affects the human brain both 
biochemically and intellectually. Both human and animal studies re-
veal that the brain is most susceptible to nutritional insult and 
irreversible damage during its period of most rapid growth. One pro-
cess which occurs in the latter half of the period of rapid brain 
growth-- myelination-- is associated with striking increases of func--
tional capacity in an animal. Studies of the effects of stress during 
the brain growth spurt on myelination report contradictory findings in 
terms of quantity and chemical composition of the myelin deposited and 
extent to which rehabilitation of myelination can occur. This dis-
sertation reports studies .f;ollowing the accumulation of three central 
nervous system myelin density subfractions (light, medium~ and heavy 
myelin) in rat offspring under several experimental paradigms: mater-
nal protein-calorie deprivation, maternal protein deprivation, and 
experimentally induced hyperphenylalaninemia. In addition, the form-
ation of the three density myelin subfractions was studied in the 
Quaking mouse brain where dysmyelination occurs as the result of a 
homozygous recessive mutation. 
In metabolic studies of myelin subfraction formation, ~-leucine 
or 3a-glycine served as the protein precursor and 14c-glucose served 
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as the lipid precursor. The isotopes were given intracerebrally as an 
-18 hour pulse immediately prior to sacrifice of the animals and iso-
lation of myelin at a given age. In additi.on, proportional synthesis 
of individual central nervous system myelin proteins and lipids in the 
pathological brains was examined. 
The Quaking mice were able to synthesize the biochemically 
immature heavy myelin subfraction but they demonstrated an inability 
to synthesize the chemically mature lighter density myelin membranes. 
The findings are consistent with the hypothesis that there is a gen-
etic impairment blocking insertion of myelin-specific proteins or 
lipids into the heavy density membranes. 
In offspring whose mothers had been severely protein-calorie 
deprived during gestation, general brain growth and myelination were 
delayed during the first few weeks postpartum but had recovered in 
terms of quantity by 53 days. While the myelin at this age may be 
somewhat immature in composition, it appeared that recovery at a later 
age was possible. 
Long-lqsting deficiencies of myelin were observed in offspring 
of rats whose mothers were protein deprived either during the latter 
half of gestation or throughout lactation. Offspring of prenatally 
protein deprived mothers were more severely affected; it is hypothe-
sized that these animals had decreased axonal populations, while dec-
reased oligodendroglia! populations may have been a problem for both 
pre- and postnatally protein deprived offspring. 
Rats with hyperphenylalaninemia induced during the suckling 
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period demonstrated a long-lasting deficit of myelin which was bio-
chemically more immature tnan myelin synthesized by rats from the other 
protocols. It is proposed that this phenomenon resulted from a dec-
reased supply of nutrients or precursors needed for elaboration of 
oligodendroglial cell processes, initiation of myelin synthesis, or 
myelin compaction. 
The research reported represents the most detailed study of 
myelination under the various pathological conditions. The findings 
demonstrate long-lasting myelin disorders resulting from both in-
direct (maternal) and direct stresses during the perinatal period. 
r 
BIBLIOGRAPHY 
Adams, D.H. and Fox, M.E. 1969. The homogenates and protein composi-
tion of rat brain myelin. Brain Res. 14: 647-661. 
Adlard, B.P. and Dobbing, J. 1971. Vulnerability of developing brain •. 
III. Development of four enzymes in the brains of normal and 
undernourished rats. Brain Res. 28: 97-107. 
Agrawal, H.C., Banik, N.L., Bone, A.H., Davison, A.N., Mitchell, R.F. 
and Spohn, M. 1970. The identity of a myelin-like fraction 
isolated from developing brain. Biochem J. 120: 635-642. 
Agrawal, H.C., Burton, R.M., Fishman, M.A., Mitchell, R.F. and Prensky, 
A.L. 1972. Partial characterization of a~ew myelin protein 
component. J. Neurochem. 19: 2083-2089. 
Agrawal, H.C., Trotter, J.L., Mitchell, R.F. and Burton, R.M. 1973 
Criteria for identifying a myelin-like fraction from develop-
ing brain. Biochem. J. 136: 1117-1119. 
Agrawal, H.C., Trotter, J.L., Burton, R.M. and Mitchell, R.F. 1974. 
Metabolic studies on myelin. Evidence for a precursor role 
of a myelin subfraction. Biochem. J. 140: 99-109. 
Allison, J.H., Agrawal, H.C. and Moore, B.W. 1974. Effect of N, N, 
N', N' tetramethylethylenediamine on the migration of proteins 
in SDS polyacrylamide gels. Anal. Biochem. 58: 592-601. 
Altman, J., Das, G.D., Sudarshan, K. and Anderson, J.B. 1971. The 
influence of nutrition on neural and behavioral development. 
II. Growth of body and brain in infant rats using different 
techniques of undernutrition. Dev. Psychobiol. 4: 55-70. 
Alvord, E.C., Stevenson, L.D., Vogel, F.S. and Engle, R.L. 1950. 
Neuropathological findings in phenyl-pyruvic oligophrenia 
(phenyl-ketonuria) J. Neuropathol. Exper. Neural. 9: 298-310. 
Aoki, K. and Siegel, F.L. 1970. Hyperphenylalaninemia: disaggregation 
of brain polyribosomes in young rats. Science 168: 129-130. 
Autilio, L.A., Norton, W.T. and Terry, R.D. 1964. The preparation and 
some properties of purified myelin from the central nervous 
system. J. Neurochem. 11: 17-27. 
143 
144 
Autilio -Gambetti, L., Gambetti, P. and Shafer, B. 1975. Glial and 
neuronal contribution to proteins and glycoproteins recovered 
in myelin fractions. Brain Res. 84: 336-340. 
Banik, N.L. and Davison, A.N. 1969. Enzyme activity and composition 
of myelin and subcellular fractions in developing rat brain. 
Biochem. J. 115: 1051-1062. 
Banik, N.L. and Davison, A.N. 1971. Exchange of sterols between myelin 
and other membranes of developing rat brain. Biochem. J. 
122: 751-758. 
Barbato, L., Barbato, I.W. and Hamanaka, A. 1968. The in vivo effect 
of high levels of phenylalanine on lipids and RNA of the 
developing rat brain. Brain Res. 7: 399-406. 
Barnes, R.H. 1971. Nutrition and man's intellect and behavior. Fed. 
Proc. 30: 1429-1433. 
Barnes, R.H., Cunnold, S.R., Zimmerman, R.R., Simmons, H., MacLoed, R.B. 
and Krook, L. 1966. Influence of nutritional deprivations 
in early life on learning behavior of rats as measured by 
performance in a water maze. ~· Nutr. 89: 399-410 
Bass, N.H., Netsky, M.G. and Young, E. 1970. I. Microchemical and 
histologic study of cellular differentiation in the rat. 
Arch. Neurol. 23: 289-302. 
Bass, N.H., Netsky, M.G. and Young, E. 1970. II. Microchemical and 
histologic study of myelin formation in the rat. Arch. 
Neurol. 23: 303-313. 
Baumann, N.A., Jacque, C.M., Pollet, S.A. and Harpin, M.L. 1968. Fatty 
acid and lipid composition of the brain of a myelin deficient 
mutant, the 'Quaking' mouse. Eur. J. Biochem. 4: 340-344. 
Baumgartner, R.; Ando, R. and Nyhan, W.L. 1969. Nonketotic hypergly-
cemia. J. Pediatr. 75: 1022-1030. 
BeMent, S .• L. and Ranek, J .B. 1969. A quantitative study of electrical 
stimulation of central myelinated fibers. Exper. Neurol. 
24: 147-170. 
BeMent, S.L. and Ranek, J.B. 1969. A model for electrical stimulation 
of central myelinated fibers with monopolar electrodes. 
Exper. Neurol. 24: 171-186. 
Benjamins, J.A., Gray, M., and MOrell, P. 1976b. Metabolic relation-
ships between myelin subfractions: entry of proteins. J. 
Neurochem. 27: 571-575. 
145 
Benjamins, J.A., Herschkowitz, N., Robinson, J. and McKhann, G.M. 1971. 
The effects of inhibitors of protein synthesis on incorpora-
tion of lipids i~to myelin. J. Neurochem. 18: 729-738. 
Benjamins, J.A., Miller, K. and McKhann, G.M. 1973. Myelin subfrac-
tions in developing rat brain-- characterization and sulpha-
tide metabolism. J. Neurochem. 20: 1589-1603. 
Benjamins, J.A., Miller, S.L. and Morell, P. 1976a. Metabolic rela-. 
tionships between myelin subfractions: entry of galacto-
lipids and phospholipids. J. Neurochem. 27: 565-570. 
Benton, J.W., Moser, H.W., Dodge, P.R. and Carr, S. 1966. MOdification 
of the schedule of myelination in the rat by early nutritional 
deprivation. Pediatrics 38: 801-807. 
Blaurock, A.E. 1971. Structure of the nerve myelin membrane: proof 
of the low-resolution profile. J. Molec. Biol. 56: 35-52. 
Bornstein, M.B. and Murray, M.R. 1958. Serial observations on patterns 
of growth, myelin formation, maintenance and degeneration in 
cultures of new-born rat and kitten cerebellum. J. Biophys. 
Biochem. Cytol. 4: 499-504. 
Bowden, J.A. and McArthur, C.L. 1972. Possible biochemical mod~l for 
phenylketonuria. Nature 235: 230. 
Braun, P.E. 1977. Molecular architecture of myelin. Myelin 
·Press, N.Y. (P. Morell, ed.) 91-115. 
Plenum 
Braun, P.E. and Barchi, R.L. 1972. 2'3'-cyclic nucleotide-3'-phospho-
diesterase in the nervous system. Electrophoretic properties 
and developmental studies. Brain Res. 40: 437-444. 
Brostoff, S.W., Karkhanis, Y.D., Carlo, D.J., Reuter, W. and Eylar, E.H. 
1975. Isolation and partial characterization of the major 
proteins of rabbit sciatic nerve myelin. Brain Res. 86: 
449-458. 
Bunge, R.P. 1968. Glial cells and the central myelin sheath. Physiol. 
Rev. 48: 197-251. 
Bunge, M.B., Bunge, R.P. and Ris, H. 1961. Ultrastructural study of 
remyelination in an experimental lesion in adult cat spinal 
cord. J. Biophys. Biochem. Cytol. 10: 67-94. 
Caldwell, D.F. and Churchill, J.A. 1967. Learning ability in the 
progeny of rats administered a protein-deficient diet during 
the second half of gestation. Neurology 17: 95-99. 
146 
Caley, D.W. 1967. Ultrastructural differences between central and 
peripheral myelin sheath formation in the rat. Anat. Record 
157: 223A. --
Carver, M.J., Copenhaver, J.H. and Serpan, R.A. 1965. Free amino acids 
in foetal rat brain. J. Neurochem. 12: 857-861. 
Chapman, D. 1975. Lipid dynamics in cell membranes. in Cell Membranes 
(Ed. by G. Weissman and R. Claiborne), Hasp. Practice Pub. 
Co., Inc., N.Y., N.Y. 13-22. 
Chase, H.P., Dabiere, C.S., Welch, N.C. and O'Brien, D.O. 1971. 
Intrauterine undernutrition and brain development. Pediatrics 
47: 491-500. 
Chase, H.P., Dorsey, J. and McKhann, G.M. 1967. The effect of malnu-
trition on the synthesis of a myelin lipid. Pediatrics 40: 
551-559. 
Chase, H.P. and O'Brien, D.O. 1970. Effect of excess phenylalanine 
and of other amino acids on brain development in the infant · 
rat. Pediatr. Res. 4: 96-102. 
Chase, H.P., Welch, N.N., Dabiere, C.S., Vasan, N.S. and Butterfield, 
L.J. 1972. Alterations in human brain biochemistry following 
intrauterine growth retardation. Pediatrics 50: 403-411. 
Chirigos, M.A., Greengard, P. and Udenfriend, S. 1960. Uptake of tyro-
sine by rat brain in vivo. J. Biol. Chern. 235: 2075-2079. 
Clark, J.T. and Lowden, J.A. 1969. 
the developing rat brain. 
Hyperphenylalaninemia : effect on 
Can. J. Biochem. 47~ 291-295. 
Coleman, M., Barnet, A. and Boullin, D. 1970. Parachlorophenylalanine 
administration to a retarded patient with high blood serotonin 
level~. Trans. Am. ~- Assoc. 95: 224-226. 
Crang, A.J. and Rumsby, M.G. 1977. Molecular organisation of lipid 
and protein in the myelin sheath. Biochem. Soc. Trans. 5: 
1431-1434. 
Cravioto, J. and Delicardie, E.R. 1970. Mental performance in school 
age children. Amer. J. Dis. Child. 120: 404-410. 
Creme, L., Tymms, V. and Woolf, L.I. 1962. A chemical investigation 
of the defects of myelination in phenylketonuria. J. Neural. 
Neurosurg. Psychiat. 25: 143-148. 
Culley, W.J. and Lineberger, R.O. 1968. Effect of undernutrition on 
the size and composition of the rat brain. J. Nutr. 96: 
375-381. 
r 
147 
Cuzner, M.L. and Davison, A.N. 1968. The lipid composition of rat 
brain myelin and subcellular fractions during development. 
Biochem. J. 106~ 29-34. 
Danielli, J.F. 1936. Some properties of lipoid films in relation to 
the structure of the plasma membrane. ~- Cell. Comp. Physiol. 
7: 393-408. 
Danielli, J.F. 1954. The present position in the field of facilitated 
diffusion and selective active transport. in Colston Papers: 
Proceedings of the 7th Symposium, Butterworth Sci. Pub., 
London. 
Danielli, J.F. 1975. The bilayer hypothesis of membrane structure. 
in Cell Membranes (Ed. G. Weissman and R. Claiborne). Hosp. 
Practice Pub. Co., Inc. N.Y., N.Y. 3-12. 
Danielli, J.F. and Davson, H. 1935. 
permeability of thin films. 
495-508. 
A contribution to the theory of 
~. Cell:_. Come. Phy:siol. 5 : 
Davison, A.N. and Dobbing, J. 1966. Myelination as a vulnerable period 
in brain development. Brit. Med. Bull. 22: 40-44. 
Davison, A.N. and Gregson, N.A. 1966. Metabolism of cellular membrane 
sulpholipids in the rat brain. Biochem. J. 98: 915-922. 
Detering, N.K. and Wells, M.A. 1976. Detection of myelin in the optic 
nerve of young rats by sedimentation equilibrium in a CsCl 
gradient. J. Neurochem. 26: 247-252. 
Detering, N.K. and Wells, M.A. 1976. The non-synchronous synthesis of 
myelin components during early stages of myelination in the 
rat optic nerve. J. Neurochem. 26: 253-257. 
Dickerson, J.W.l. and Dobbing, J. 1967. The effect of undernutrition 
early in life on the brain and spinal cord of pigs. Proc. 
Nutr. Soc. 26: v-vi. 
----
Dickerson, J.W.T. and Pao, S.K. 1973. Effects on brain free amino 
acids of low- and high- protein diets given in amounts of 
equal energy value to weanling rats. Proc. Nutr. Soc. 32: 
6A-7A. 
Dickerson, J.W.T. and Pao, S.K. 1974. Effect of pre- and postnatal 
maternal protein deficiency on free amino acids and amines 
of rat brain. Biol. Neonate 25: 114-124. 
Dobbing, J. 1965-66. The effect of undernutrition on myelination in 
the central nervous system. Biol. Neonate 9: 132-147. 
148 
Dobbing, J. -1970. Undernutrition and the developing brain. Am. J. 
Dis. Child 120: 411~415. 
-Dobbing, J. and Widdowson, E.M. 1965. The effect of undernutrition 
and subsequent rehabilitation on myelination of rat brain 
as measured by its composition. Brain 88: 357-366. 
Druse, M.J., Brady, R.O. and Quarles, R.H. 1974. Metabolism of a 
myelin-associated glycoprotein in developing rat brain. 
Brain Res. 76: 423-434. 
Druse, M.J. and Hofteig, J.H. 1975. Development and metabolism of 
three subtractions of myelin in rats. Neurosci. Abs~ 5: 
792. 
Druse, M.J. and Hofteig, J.H. 1977. 
alcohol consumption on the 
system myelin subtractions 
Depend. 2: 421-429. 
Druse, M.J. and Hogan, E.L. 1972. 
lipids: the Jimpy mutant. 
The effect of chronic maternal 
development of central nervous 
in rat offspring. Drug Ale. 
Metabolism in vivo of brain galacto-
J. Neurochem. 19: 2435-2442. 
Druse, M.J. and Hogan, E.L. 1974. Composition of myelin proteins in 
murine genetic myelin dysgenesis: the Quaking mutant. Proc. 
Soc. ~· Biol. Med. 145: 747-751. 
Dyson, S.E. and Jones, D.G. 1976. Undernutrition and the developing 
nervous system. Prog. Neurobiol. 7: 171-196. 
Eichberg, J. and Dawson, R.M.C. 1965. Polyphosphoinositides in myelin. 
Biochem. J. 96: 644-650. 
Eichenwald, H.F. and Fry, P.C. 1969. Nutrition and learning. Science 
163: 644-648. 
Eto, Y. and Suzuki, K. 1973. Enzymes of cholesterol ester metabol:i.sm 
in the brain of mutant mice, Quaking and Jimpy. Exper. 
Neurol. 41: 222-226. 
Eto, Y., Suzuki, K. and Suzuki, K. 1970. Globoid cell leukodystrophy 
(Krabbe's disease): isolation of myelin with normal glycolipid 
composition. J. Lipid Res. 11: 473-479. 
Eto, Y. and Suzuki, K. 
J. Biol. Chern. 
1973. Cholesterol ester metabolism in rat brain. 
248: 1986-1991. 
Eylar, E.H. 1970. Amino acid sequence of the basic protein of the 
myelin membrane. Proc. Nat. Acad. Sci. 67: 1425-1431. 
149 
Eylar, E.H. 1972. The structure and immunologic properties of basic 
proteins of myelin. Ann. N.Y. Acad. Sci. 195: 481-491. 
Fernandez-Maran, H. 1950. -Electron microscope observations on the 
structure of the myelinated nerve fibre. sheath. Exper. 
Cell. Res. 1: 143-149. 
Figlewicz, D.A. and Druse, M.J. 1976. Protein deprivation and the 
development of 3 myelin fractions in the rat. Trans. Am. 
Soc. Neurochem. 7: 184. 
Figlewicz, D.A. and Druse, M.J. 1976. Incorporation of [3H) leucine 
into three subfractions of myelin in murine myelin dysgenesis: 
the Quaking mutant. J. Neurochem. 26: 625-627. 
Figlewicz, D.A., Hofteig, J.H. and Druse, M.J. 1977. Protein-calorie 
malnutrition and the development of 3 myelin fractions. 
Trans. Am. Soc. Neurochem. 8: 159. 
Finean, J.B. 1953. Further observations on the structure of myelin. 
Exper. ~· Res. 5: 202-215. 
Finean, J.B. 1960. Electron microscope and X-ray diffraction studies 
of the effects of dehydration on the structure of nerve 
myelin. J. Biophys. Biochem. Cytol. 8: 13-29. 
Finean, J.B., Hawthorne, J.N. and Patterson, J.D.E. 1956. Structural 
and chemical differences between optic and sciatic nerve 
myelins. J. Neurochem. 1: 256-259. 
Fisc;her, C.A. and Morell, P. 1974. Turnover of proteins in myeli.n and 
myelin-like material of mouse brain. Brain Res. 74: 51-65. 
Fish, I. and Winick, M. 1969. Effect of malnutrition on regional 
growth of the developing rat brain. :Exper. Jieur.ol. 25: 534-
540. 
Fishman, M.A., Agrawal, H.C., Alexander, A., Golterman, J., Martenson, 
R.E. and Mitchell, R.F. 1975. Biochemical maturation of 
human central nervous system myelin. J. Neuroche~. 24: 689-
694. 
Fishman, M.A., Madyastha, P. and Prensky, A.I.. 1971. The effect of 
undernutrition on the development of myelin in the rat cen-
tral nervous system. Lipids 6: 458-465. 
Fishman, M.A., Prensky, A.L. and Dodge, P.R. 1969. Low content of 
cerebral lipids in infants suffering from malnutrition. 
Nature 221: 552-553. 
150 
Fiske, C.H. and Subbarow, Y. 1925. The colorimetric determination of 
phosphorous. J. Biol. Chern. 66: 375-400. 
Folch-Pi, J., Lees, M. and "Sloane-Stanley, G. 195 7. A simple method 
for the isolation and purification of total lipids from ani-
mal tissues. ~- Biol. Chern. 226: 497-509. 
Foote, J.L., Allen, R.J. and Agranoff, B.W. 1965. Fatty acids in 
esters and cerebrosides of human brain in phenylketonuria. 
J. Lipid .. Res. 6: 518-524. 
Foote, J.L. and Tao, R.V.P. 1968. The effects of p-chlorophenylalanine 
on brain ester-bound fatty acids of developing rats. Life 
Sci. 7: 1187-1192. 
Freeman, J.M., Nicholson, J.F., Schimke, R.T., Rowlands- L.P. and 
Carter, S. 1970. Congenital hyperammonemia. Arch. Ne'!!"~· 
23: 430-437. 
Fox, J.H., Fishman, M.A., Dodge, P.R. and Prensky~ A.L. 1972. The 
effect of malnutrition on human central nervous system myelin. 
Neurology 22: 1213-1216. 
Fujimoto, K., Roots, B.I., Burton, R.M. and Agrawal, H.C. 1976. Mor-
phological and biochemical characterization of light and 
heavy myelin isolated from developing rat brain. Biochim. 
Biophys. Acta 426: 659-668. 
Gal, A.E. 1968. Separation and identification of monosaccharides from 
biological materials by thin-layer chromatography. Anal. 
Biochem. 24: 452-461. 
Gallagher, B.B. 1969. The effect of phenylpyruvate on oxidative 
phosphorylation in brain mitochondria. J. Neurochem. 16: 
1071-1076. 
Geison, R.L. and Siegel, F.L. 1975. Tolerance of protein and lipid 
synthesis to mild hyperphenylalaninemia in developing rat: 
brain. Brain Res. 92: 431-441. 
Geison, R.L. and Waisman, H.A. 1970. Effects of nutritional status 
on rat brain maturation as measured by lipid composition. 
J. Nutr. 100: 315-324. 
Ghittoni, N.E. and deRaveglia, I.F. 1973. Effects of malnutrition and 
subsequent rehabilitation on the lipid composition of cerebral 
cortex and cerebellum of the rat. J. Neurochem. 21: 983-987. 
Glick, M.C. and Warren, L. 1969. Membranes of animal cells III. Amino 
acid incorporation by isolated surface membranes. Proc. Nat. 
Acad. Sci. 63: 563-570. 
r 
151 
Greenfield~ S., Brostoff, S.lv. and Hogan, E.L. 1976. Basic protein 
synthesis differs from its incorporation into Quaking myelin. 
Trans. Am. Soc. Neurochem. 7: 1'77. 
Greenfield, S., Norton, W.T. and Morell, P. 1971. Quaking mouse: 
isolation and characterization of myelin proteins. J. 
·Neurochem. 18: 2119-2128. 
Greengard, 0., Yoss, M.S. and DelValle, J.A. 1976. Alpha-methylphenyl-
alanine, a new inducer of chronic 9yperpheny1alaninemia in 
suckling rats. Science 192: 1007-1008. 
Gregson, N.A. and Oxberry, J.M. 1972. The composition of myelin from 
the mutant mouse 'Quaking'. J. Neurochem. 19: 1065-1071. 
Grosse, I. and Warshaw, J.B. 1975. The influence of dietary depriva-
tion on the enzymes of fatty acid synthesis in rat brain. 
J. Neurochem. 25: 191-192. 
Grumer, H.D., Hetland, L.B. and Costantini, M.L. 1971. L-Benzylalanine 
as a model amino acid for the study of accumulation disease. 
J. Clin. Chem. 17: 115-118. 
Guroff, G. 1969. Irreversible in vivo inhibition of rat liver phenyl-
alanine hydroxylase by-p-chlorophenylalanine. Arch. Biochem. 
Biophys. 134: 610-611. 
Guroff, G., King, W. and Udenfriend, S. 1961. The uptake of tyrosine· 
by rat brain in vitro. J. Biol. Chern. 236: 1773-1777. 
Guroff, G. and Udenfriend, S. 1964. The uptake of aromatic amino acids 
by the brainof mature and newborn rats. Prog. Brain Res. 
9: 187-197. 
Hauser, G., Eichberg, J. and Jacobs, s. 1971. Polyphosphoinositide 
levels and biosynthesis in Quaking mouse brain. Biochem. 
Biophys. Res. Commun. 43: 1072-1080. . 
Hess, A. and Young, J.Z. 1949. Correlation of internodal length and 
fibre diameter in the central nervous system. Nature 164: 
490-491. 
Hess, H.H. and Lewin, E. 1965. Microassay of biochemical structural 
components in nervous tissue II. J. Neurochem. 12: 205-211. 
Hickey, E.D. and Klein, N.W. 1973. The effect of protein deprivation 
on RNA and protein breakdown in subcellular fractions of the 
cultured chick embryo. Biochim. Biophys. Acta 294: 297-308. 
Hirano, A. and Dembitzer, H.M. 1967. A structural analysis of the 
myelin sheath in the central nervous system. J. fell. Biol. 
152 
34: 555-56 7. 
Hofteig, J.H. and Druse, M.J. 1976. Metabolism of three subfractions 
of myelin in developing rats. Life Sci. 18: 543-552. 
Hofteig, J.H., Druse-Manteuffel, M.J. and Collins, M.A. 1976. The 
effect of maternal alcohol consumption on CNS myelination 
in the developing rat. Neurosci. Abs. 2: 604. 
Hogan, E.L. and Joseph, K.C. 1970. Composition of cerebral lipids in 
murine leucodystrophy: the Quaking mutant. J. Neurocbem. 
17: 1209-1214. 
Hsia, Y.E., Scully, K.J. and Rosenberg, L.E. 1971. Inherited propionyl 
CoA carboxylase deficiency in ketotic hyperglycemia. J. Clin. 
Invest. 50: 127-130. 
Hughes, J.V. and Johnson, T.C. 1977. Hyperphenylalaninemia: effect 
on brain polyribosomes can be partially reversed by other 
amino acids. Science 195: 402-404. 
Jacobson, S. 1963. Sequence of myelination in the brain of the albino 
rat. J. Comp. Neurol. 121: 5-29. 
James, J., Escourrou, J. and Fischer, J.E. 1978. Blood brain neutral 
amino acid transport activity is increased after portacaval 
anastomosis. Science 200: 1395-1397. 
Johnson, R.C., McKean, C.M., Shah, S.N. 1977. Fatty acid composition 
of lipids in cerebral myelin and synaptosomes in phenylketo-
nuria and Down syndrome. Arch. Neurol. 34: 288-294. 
Johnson, R.C. and Shah,,S.N. 1973. Effect of hyperphenylalaninemia on 
fatty acid composition of lipids of rat brain myelin. J. 
Neurochem. 21: 1225-1240. 
Joseph, K.C., Druse, M.J., Newell, L.R. and Hogan~ E.L. 
acid composition of cerebrosides, sulphatides 
in murine leucodystrophy; the Quaking mutant. 
19: 307-312. 
1972. Fatty 
and ceramides 
J. Neurochem. 
Jungawala, F.B. and Dawson, R.M.C. 1971. The turnover of myelin phos-
pholipids in the adult and developing rat brain. Biochem. J. 
123: 683-693. 
Kaufer, J.N. and Sargent, A. 1971. Sphingolipid biosynthesis by par-
ticulate fractions of normal and 'Quaking' mouse brain. 
Lipids 6: 682-684. 
Kaufer, J. and Stein, N.' 1972. Sulfatide biosynthesis by intact micro-
somes and triton extracts of normal an~ 'Quaking' mouse brain. 
153 
Lipids 7: 259-261. 
Kang, E.S. and Gerald, P.S. 1970. Hereditary tyrosinemia and abnormal 
pyrrole metabolism. J. Ped:tatr. 77: 397-406. 
Karlsson, I. 1975. Effects of different dietary levels of essential 
fatty acids on the fatty acid composition of ethanolamine 
phosphoglycerides in myelin and synaptosomal plasma membranes. 
J. Neurochem. 25: 101-107. 
Karlsson, U. 1966. Comparison of the myelin period of peripheral and 
central origin by electron microscopy. J. Ultrastruc. Res. 
15: 451-468. 
Kornguth, S.E., Anderson, J.W. and Scott, G. 1966. Temporal relation-
ship between myelinogenesis and the appearance of a basic 
protein in the spinal cord of the white rat. 1...· ~- Neuro].. 
127: 1-18. 
Korobkin, R.K. and Cutler, R.W. 1977. Maturational changes of amino 
acid concentration in cerebrospinal fluid of the rat. Brain 
Res. 119: 181-187. 
Krigman, M.R. and Hogan, E.L. 1976. Undernutrition in the developing 
rat: effect upon myelination. Brau1 Res. 107: 239-255. 
Kurihara, T., Nussbaum, J.L. and Mandel, P. 1970. 2'3' Cyclic nucleo-
tide 3'-phosphohydrolase in br.atns of mutant nLice with de-
ficient myelination. J. Neurochem. 17: 993-997. 
Kurihara, T., Nussbaum, J.L. and Mandel, P. 1971. 2'3' Cyclic nucleo-
tide 3'-phosphohydrolase in purified myelin from brain of 
Jimpy and normal young mice. Life Sci. 10: 421-429. 
Kurihara, T. and Tsukada, Y. 1967. The regional and subcellular dis-
tribution of 2'3'-Cyclic nucleotide 3'-phosphohydroloase in 
the central nervous system. J. Neurochem. 14: 1167-1174. 
Kurihara, T. and Tsukada, Y. 1968. 2'3'-Cyclic nucleotide 3'-phospho-
hydrolase in the developing chick brain and spinal cord. 
J. Neurochem. 15: 827-832. 
Lajtha, A. and Toth, J. 1973. Perinatal changes in the free amino acid 
pool of the brain in mice. Brain Res. 55: 238-241. 
Levitsky, D.A. and Barnes, R.H. 1972. Nutritional and environmental 
interactions in the behavioral development of the rat: long 
term effects. Science 176: 68-71. 
Ledeen, R.W., Yu, R.K. and Eng. L.F. 1973. Gangliosides of human 
154 
myelin: sialosylgalactosylceramide (G7) as a nmjor component. J. Neurochem. 21: 829-839. 
Lee, C.J. 1970. Biosynthesis and characteristics of brain protein and 
ribonucleic acid in mice subjected to ncnonatal infection or 
undernutrition. J. Biol. Chem. 245: 1998-2004. 
Levitsky, D.A. and Barnes, R.H. 1970. Effect of early malnutrition 
on the reaction of adult rats to aversive stimuli. Nature 
225: 468-469. 
Lewis, P.D., Balazs, R., Patel, A.J. and Johnson, A.L. 1975. The 
effect of undernutrition in early life on cell generation 
in rat brain. Brain Res. 83: 235-247. 
Lonsdale, D., Faulkner, W.R., Price, J.W. and Smeby, R.R. 1969. 
mittent cerebellar ataxia associated with hyperpyruvic 
mia, hyperalaninemia and hyperalaninuria. Pediatrics 
1025-1034. 
lnter-
acide-
43: 
Loo, Y.H. and Scotto, L. 1977. Aromatic acid metabolites of phenyl-
alanine in the brain of the hyperphenyla1aninemic rat: 
effect of pyridoxamine. J. Neurochem. 29: 411-415. 
Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall, R.J. 
Protein measurement with the Folin Phenol reagent. 
Chem. 193: 265-275. 
1951. 
J. Biol. 
---
Macinnes, J.W. and Schlesinger, K. 1971. Effects of excess phenylala-
nine on in vitro and in vivo RNA and protein synthesis and 
polyribosome levels i~brains of mice. 11rain ~~· 29: 101-
110. 
Madigh, K. 1975. The relationship between the concentrations of tryp-
tophan and 5-hydroxyindoleacetic acid in rat brain and cere-
brospinal fluid. J. Neurochem. 25: 351-352. 
Martenson, R.E., Deibler, G.E., Kies, M.W., McKneally, S.S., Shapiro, 
R.S. and Kibler, R.F. 1972. Differences between the two 
myelin basic proteins of the rat central nervous system. 
Biochim. Biophys. Acta 263: 193-203. 
Martin, H.P. 1973. Nutrition: its relationship to children's physical, 
mental and emotional development. Amer. J. Clin. Nutr. 26: 
766-775. 
Matthieu, J.M., Brady, R.O. and Quarles, R.H. 1974. Anomalies of 
myelin-associated glycoproteins in 'Quaking' mice. J. Neuro-
chem. 22: 291-296. 
Matthieu, J.M., Brady, R.O. and Quarles, R.H. 1975. Change in a myelin-
155 
associated glycoprotein in rat brain during development: 
metabolic aspects. Brain Res. 86: 55-65~ 
Matthieu, J.M., Quarles, R.R., Brady, R.O. and Webster, H. deF. 1973. 
Variation of proteins, enzyme markers and gangliosides :i.n 
myelin subfractions. Bioch1ln. Bioph:ys. Acta 329: 305-317. 
Matthieu, J.M., Quarles, R.H., Webster, H. deF., Hogan, E.L. and Brady, 
R.O. 1974. Characterization of the fraction obtained from 
the CNS of Jimpy mice by a procedure for myelin isolation. 
J. Neurochem. 23: 517-523. 
McKean, C.M., Boggs, D.E. and Peterson, N.A. 1968. The influence of 
high phenylalanine and tyrosine on the concentrations of 
essential amino acids in brain. J. Neurochem. 15: 235-241. 
McLeod, K.I., Goldrick, R.B. and Whyte, H.M. 1972. The effect of ma~· 
ternal malnutrition on the pr9geny in the rat. Aust. J. 
Exper. Biol. Med. Sci. 50: 435-446. 
McMillan, P.N., Williams, N.I., Kaufman, B. and Day, E.D. 1972. The 
isolation and biochemical characterization of three subfrac-
tions of myelin from central nervous tissue of the adult rat. 
J. Neurochem. 19: 1839-1848. 
Mehl, E. and Wolfgram, F. 1969. Myelin types with different protein 
components in the same species. J. Neurochem. 16: 1091-1097. 
Menkes, J.H. 1967. The pathogenesis of mental retardation in phenyl~ 
ketonuria and other inborn errors of amino acid metabol:l.sm. 
Pediatrics 39: 297-308. 
Mertin, I. and Hunt, R. 1976. Hyperphenylalaninemia and expeti.mental 
allergic encephalomyelitis. J. Neural. Sci. 29: 351-359. 
Miller, M., Leahy, J.P., Stern, W.C., Morgane, P.J. and Resnick, 0. 
1977. ·Tryptophan availability: relation to elevated bra:i.n 
serotonin in developmentally protein-malnourished rats. 
Exper. Neural. 57: 142-157. 
Morell, P. , Greenfield, S. , Cons tan tino-Ceccarini, E. and Wisniewski., II. 
1972. Changes in the protein composition of mouse brain mye-
lin during development. J. Neurochem. 19: 2545-2554. 
Morell, P., Lipkind, R., Greenfield, S. 1973. Protein composition of 
myelin from brain and spinal cord of several species. Brain 
Res. 58: 510-514. 
Nakhasi, H.L., Toews, A.D. and Horrocks, L.A. 1975. Effects of a post-
natal protein deficiency on the content and composition of 
myelin from brains of weanling rats. Brain Res. 83: 176-179. 
156 
Neame, K.D. 1961. Phenylalanine as inhibitor of transport of amino 
acids in brain. Nature 192: 173-174. 
Neskovic, N., Nussbaum, J.L-: and Mandel, P. 1970. A study of glyco-
lipid metabolism in myelin.at:ion d:i.sorder of ,Jtmpy and Quaking 
mice. Brain Res. 21: 39-53. 
Norton, W.T. 1976. Formation, structure and biochemistry of myelin. 
in Basic Neurochemistry (ed. R.W. Albers, R. Katzman and 
B. Agranoff) Little, Brown and Co., Boston, Ma. 74-99. 
Norton, W.T. 1977. Isolation and characterization of myelin. in 
MYelin (ed. P. Morell) Plenum Press, N.Y., N.Y. 161-199. 
Norton, W.T. and Autilio, L.A. 
bovine brain myelin. 
1966. The lipid composition of purified 
J. Neurochem. 13: 213-222. 
Norton, W.T. and Poduslo, S.E. 1973a. 
method of myelin isolation. 
Hyelination in rat brain: 
:!..· .Ji~urochem. 21: 749-757. 
Norton, W.T. and Poduslo, S.E. 1973b. Myelination in rat brain: 
changes in myelin composition during brain maturation. J. 
Neurochem. 21: 759-773. 
O'Brien, J.S., Fillerup, D.L. and Mead, J.F. 1964. Brain lipids. I. 
Quantification and fatty acid composition of cerebroside sul-
fate in human cerebral gray and white matter. J. LiEid Res. 
5: 109-116. 
Olafson, R.W., Drummond, G.I. and Lee, .J.F. 1969. Studi.es on 2'3'-
cyclic nucleotide 3'-phosphohydrolase from brain. fan. J. 
Biochem. 47: 961-966. 
Oldendorf, W.H. 1971. Brain uptake of radiolabelled amino acids, 
amines, and hexoses after actual :inject:i.on. Amer. J. Phy:siol .• 
221: 1629-1639. 
Oldendorf, W.H. 1973. Saturation of blood brain barrier transport of 
amino acids in phenylketonud a. Arch. Neurol. 28: 45-48. 
Osofsky, H.J. 1969. Antenatal malnutr:i.tion: its relationship to sub-
sequent infant and child development. Am. J. Obstet. Gxn. 
105: 1150-1159. 
Patel, A.J., Balazs, R. and Johnson, A.L. 1973. 
tion on cell formation in the rat brain. 
1151-1165. 
Effect of undernutri-
J. Neurochem. 20: 
Perry, T.L., Hansen, S. Tischler, B., Bunting, R. and DiamondS. 1970. 
Glutamine depletion in phenylketonuria. New England J. Med. 
282: 761-766. 
157 
Peters, A. 1960. The formation and structure of myelin sheath.s in the 
central nervous system. J. Biophys. Biochem. Cytol. 8: 431-
446. 
Peters, A. 1961. A radial component of central myel:i.n sheaths. J. 
Biophys. Biochem. Cytol. 11~ 733-735. 
Peters, A. 1964. Observations on the connexions between myelin 
sheaths and glial cells in the optic nerves of young rats. 
J. Anat. 98: 125-134. 
Peters, A. and Vaughn, J.E. 1970. Morphology and development of the 
myelin sheath. in Myelination (ed. A.N. Davison and A. 
Peters) C. C. Thomas, Springfield, Il. 3-79. 
Peterson, N.A. and McKean, C.M. 1969. The effects of individual amino 
acids on the incorporation of labelled amino acids into pro-
teins by brain homogenates. J. Neurochem. 16: 1211-1217. 
Poduslo, S.E. 1975. The isolation and characterization of a plasma 
membrane and a myelin fraction derived from oligodendroglia 
of calf brain. J. Neurochem. 24: 647-654. 
Prensky, A.L., Carr, I. and Moser, H.W. 1968. Development of myelin 
in inherited disorders of amino acid metabolism. Arch. 
Neural. 19: 552-558. 
Prensky, A.L., Fishman, M.A. and Daftari, B. 1974. Recovery of rat 
brain from a brief hyperphenylalaninemia insult early in 
development. Brain Res. 73: 51-58. 
Prensky, A.L., Fujimoto, K. and Agrawal~ H.C. 1975. Are myelin pro·-
teins synthesized in retinal ganglion cells? J. Neurochem. 
25: 883-887. 
Quarles, R.H. in press. The biochemical and morphological heterogenefty-
of myelin and myelin-related membranes. in Biochemistry of 
Brain (ed. S. Kumar) Pergamon Press, N.Y., N.Y. 
Quarles, R.H., Everly, J.L. and 
glycoprotein which is 
tion from rat brain. 
491-497. 
Brady, R.O. 1972. Demonstration of a 
associated with a purified myelin frac-
Biochem. Biophys. Res. Commun. 47: 
Quarles, R.H., Everly, J.L. and Brady, R.O. 1973. Myelin-associated 
glycoprotein: a developmental change. Brai~ Res. 58: 506-509. 
Quarles, R.H., Everly, J.L. and Brady, R.O. 1973. Evidence for the 
close association of a glycoprotein with myelin in rat brain. 
J. Neurochem. 21: 1177-1191. 
158 
Raine, C.S. 1977. Morphological aspects of myelin and myelination. 
in Myelin (ed. P. Morell) Plenum Press, N.Y., N.Y. 1-49. 
Rajalakshmi, R. and Nakhasi; H.L. 1974. Effects of prenatal and post-
natal nutritional deficiency on bra.in lipid composit.ion in 
rats. Exper. Neurol. 44: 103-112. 
Randt, C.T. and Derby, B.M. 1973. Behavioral and brain correlations 
in early life nutritional deprivation. ~- Neurol. 28: 
167-172. 
Rawat, A.K. 1977. Developmental changes in the brain levels of neuro-
transmitters as influenced by maternal ethanol comsumption in 
the rat. J. Neurochem. 28: 1175-1182. 
Rennert, 0., Julius, R., Aylsworth, A., Williams, C. and Greer, M. 
1971. A new disorder of phenylalanine metabolism associated 
with ataxia, convulsions, and retardation: methylmandelic 
aciduria. Pediatr. Res. 5: 652. 
Roberts, S. and Morelos, B.S. 
of amino acids. IV. 
1965. Regulation of cerebral metabolism 
J. Neurochem. 12: 373-387. 
Rech, R.H. and Weichsel, M.E. 1973. Brain cell number and motor acti-
vity in rats subjected to neonatal undernutrition. Life Sci. 
13: 1077-1087. 
Rogart, R.B. and Ritchie, J.M. 1977. 
.demyelinated nerve fibers. 
Press, N.Y., N.Y. 353-382. 
Pathophysiology of conduction i.n 
in Myelin (ed. P. Morell) Plenum 
Roscoe, J.P., Eaton, M.D. and Choy, G.C. 1968. Inhibition of protein 
synthesis in Krebs 2 ascites cells and cell-free systems by 
phenylalanine and its effect on leuci.ne and lysine in the 
amino acid pool. Biochem. J. 109~ 507-515. 
Rushton, D.I. 1:968. Spongy degeneration of the white matter of the 
central nervous system associated with hyperglycinuria. 
J. Clin. Pathol. 21: 456-462. 
Rushton, W.R. 1951. A theory of the effects of fibre size in medulla-
ted nerve. J. Physiol. (London) 115: 101-122. 
Sabri, M.I. and Davison A.N. 1977. The synthesis of myelin in develop-
ing rat brain. J. Neurochem. 29:321-328. 
Sabri, M.I., Tramblay, C., Banik, N.L., Scott, T., Gahil, K. and Davison, 
A.N. 1975. Biochemical and morphological changes in the sub-
cellular fractions during myelination of rat brain. Biochem. 
Soc .. Trans. 3: 275-276. 
159 
Samorajski, T., Friede, R.L. and Reimer, P.R. 1970. Hypomyelination 
in the Quaking mouse. J. Neuropathol. Exper. Neural. 29: 
507-523. 
Schmitt~ F.O. and Bear, R.S. 1937. Optical properties of vertebrate 
nerve axons as related to fiber size. !!._. Cell .f.o.!!!2. Phys~~l. 
9: 261:...273. 
Schmitt, F.O. and Bear, R.S. 1939. 
axon sheath. Biol. Rev. 
The ultrastructure of the nerve 
14: 27-50. 
Schmitt, F.O., Bear, R.S. and Palmer, K.J. 1941. X-ray diffraction· 
studies on the structure of the nerve myelin sheath. J. 
Cell Comp. Physiol. 18: 31-42. 
Scott, E.B. 1964. Histopathology of amino acid deficiencies VII. 
Valine. Exper. Melee. Pathol. 3: 610-621. 
Sereni, F., Principi, N., Perletti, L. and Piceni-Sereni, L. 1966. 
Undernutrition and the developing rat brain. Biol. Neonate 
10: 254-265. 
Sershen, H. and Lajtha, A. 1976. 
in the developing brain. 
Capillary transport of amino acids 
Exper. Neural. 53: 465-474. 
Shah, S.N., Peterson, N.A. and McKean, C.M. 1972a. Lipid composition 
of human cerebral white matter and myelin in phenylketonuria. 
J. Neurochem. 19: 2369-2376. 
Shah, S.N., Peterson, N.A. and McKean, C.M. 1972b. Impaired myelin 
formation in experimental hyperphenylalaninernia. J. Neuro-
chem. 19: 479-485. 
Shapira, R., Binkly, F., Kibler, R.F. and Wundram, I.J. 1970. Prepar-
ation of purified myelin of rabbit brain by sedimentation in 
a continuous sucrose gradient. Proc. Soc. ~e_E.. Bioi. Med. 
133: 2'38-245. 
Shimada, M., Yamane, T., Nakamura, T., Morikawa, Y. and Kusunoki, T. 
1977. Effect of maternal malnutrition on matrix cell pro-
liferation in the cerebrum of mouse embryo: an autoradio-
graphic study. Pediatr. Res. 11: 728-731. 
Siegel, F.L., Aoki, R. and Colwell, R.E. 1971. Polyribosome disaggre-
gation and cell-free protein synthesis in preparations from 
cerebral cortex of hyperphenylalaninemic rats. J. Neurochem. 
18: 537-547. 
Simler, S., Randrianarisoa, H., Essayag, S., Ciesielski, L., Ledig, M. 
and Mandel, P. 1975. Free amino acids in the brain of mye-
lin deficient mutants. J. Neurochem. 27: 289-291. 
160 
Simons, S.D. and Johnston, P.V. 1976. Prenatal and postnatal protein 
restriction in the rat: effect on some parameters related to 
brain development, and prospects for rehabilitation. J. 
Neurochem. 27: 63-69. 
Singer, S.J. 1974. The molecular organization of membranes. Ann. Rev. 
Biochem. 43: 805-833. 
Singer, S.J. 1975. Architecture and topography of biologic membranes. 
in Cell Membranes (ed. G. Weissman and R. Claiborne)Hospital 
Practice Pub. Co., Inc., N.Y. 35-44. 
Singer, S.J. and Nicolson, G.L. 1972. 
structure of cell membranes. 
The fluid mosaic model of the 
Science 175: 720-731. 
Singh, H., Spritz, N. and Geyer, B. 1971. Studies of brain myelin in 
the 'Quaking mouse'. J. Lipid Res. 12~ 473-481. 
Smart, J.L., Dobbing, J., Adlard, B.P., Lynch~ A. and Sands, J. 1973. 
Vulnerability of developing brain: relative effects of growth 
restriction during the fetal and suckling periods on behavior 
and brain composition of adult rats. ~· Nutr. 103: 1327-1338. 
Smith, M.E. 1967. The metabolism of myelin lipids. Adv. Lipid Res. 
5: 241-278. 
Smith, M.E. 1968. The turnover of myelin in the adult rat. Biochim. 
Biophys. ~ 164: 285-293. 
Smith, M.E. 1973. A regional survey of myelin development: some comp~ 
ositional and metabolic aspects. J. Lipid Res. 14: 541-551. 
Smith, M.E. 1974. Labelling of lipids by radioactive amino acids in 
the central nervous system. J. Neurochem. 23: 435-438. 
Smith, M.E. and Hasinoff, C.M. 1971. Biosynthesis of myelin proteins 
in vitro. ~· Neurochem. 18: 739-747. 
Smith, M.E. and Sedgewick, L.M. 1975. Studies of the mechanism of de-
myelination: regional differences in myelin stability in 
vitro. J. Neurochem. 24: 763-771. 
Sobotka, T.J., Cook, M.P. and Brodies, R.F. 1974. Neonatal malnutri-
tion: neurochemical, hormonal, and behavioral manifestations. 
Brain Res. 65: 443-457. 
Spiro, R.G. 1969a. Glycoproteins: their biochemistry, biology, and 
role in human disease. New England J. Med. 281: 991-1001. 
161 
Spiro, R.G. 1969b. Glycoproteins: their biochemistry, biology, and 
role in human disease. New England ~· Med. 281: 1043-1056. 
Sprinkle, T.J. and Rennert,-O.M. 1976. The effects of phenylketonuric 
and other metabolites on sulfated galactocerebroside synthe-
sis in vivo and in culture. J. Neurochem. 26: 499-504. 
Stern, W.C., Forbes, W.B., Resnick, 0. and Morgane, P .J. 1974. Sei-
zure susceptibility and brain amine levels following protein 
malnutrition during development in the rat. Brain Res. 
79: 375-384. --
Stern, W.C., Miller, M., Forbes, W.B., Morgane, P.J. and Resnick, 0. 
1975. Ontogeny of the levels of biogenic amines in various 
parts of the brain and in peripheral tissues in normal and 
protein malnourished rats. Exper. Neurol. 49: 3llt-·326. 
Stern, W.C., Morgane, P.J., Miller, M. and Resnick, 0. 1975. Protein 
malnutrition in rats: response of brain amines and behavior 
to foot shock stress. Exper. Neurol. 47: 56-67. 
Stern, W.C •• Resnick, 0. and Morgane, P.J. 1976. Developmental pro-
tein malnutrition in rats: acquisition and long-term reten-
tion of a single alternation discrimination. Nutr. Rep. 
Int. 14: 475-483. 
Stewart, R.J., Merat, A. and Dickerson, J.W. 1974 .. Effect of a low 
protein diet in mother rats on the structure of the brains 
of the offspring. Biol. Neonate 25: 125-134. 
Suzuki, K., Poduslo, J.F. and Poduslo, S.E. 1968. Further evidence 
for a specific ganglioside fraction closely associated with 
myelin. Biochim. Biophys. Acta 152: 576-586. 
Swaiman, K.F., Daleiden, J.M. and Wolfe, R.N. 1970. The effect of 
food deprivation on enzyme activity in developing brain. 
J. Neurochem. 17: 1387-1391. 
Swaiman, K.F., Hosfield, W.B. and Lemieux, B. 1968. Elevated plasma 
phenylalanine concentration and lysine incorporation into 
ribosomal protein of developing brain. J. Neurochem. 15: 
687-690. 
Tada, K. 1976. Pathogenesis of mental retardation in amino acid dis-
orders. Int. J. Neurol. 11: 73-84. 
Toews, A.D., Horrocks, L.A. and King, J.S. 1976. Simultaneous isola-
tion of purified microsomal and myelin fractions from rat 
spinal cord. J. Neurochem. 27: 25-31. 
Trapp, B.D. and Bernsohn, J. 1976. Phospholipid fatty acids in myelin 
162 
subfractions after fat deficiency. Trans. Am. Soc. Neurochem. 
7: 71. 
Tyzbir, R.S. and Dain, J.A.- 1972. Effect of maternal protein deficien-
cy on ganglioside metabolism in neonatal rat brain. Adv. 
Exper. Med. Biol. Neonat. 19: 571-579. 
Uzman, L.L. and Rumley, M.K. 1958-9. Changes in the composition of 
the developing mouse brain during early myelination. J. 
Neurochem. 3: 170-184. 
Vernadakis, A. and Woodbury, D.M. 1962. Electrolyte and amino acid 
changes in rat brain du~ing maturation. Amer. J. Physiol. 
203: 748-752. 
Waehneldt, T.V. 1975. Ontogenetic study of a myelin-derived fraction 
with a 2'3' cyclic nucleotide 3r phosphohydrolase activity 
higher than that of myelin. Biochem. J. 151: 435-437. 
Waehneldt, T.V. and Mandel, P. 1972. Isolation of rat brain myelin, 
monitored by polyacrylamide gel electrophoresis of dodecyl-
sulfate-extracted proteins. Brain Res. 40: 419-436. 
Waehneldt, T.V. and Neuhoff, V. 1974. Membrane proteins of rat brain 
compositional changes during postnatal development. J. Neuro-
chem. 23: 71-77. 
Waisman, H.A., Hable, K., Wang, H.L. and Akert, K. 1964. Some ultra-
structural changes in the brain of phenylketonuric rats and 
monkeys. Prog. Brain Res. 9~ 207-212. 
Watanabe, I. and Bingle, G.J. 1972. 
electron microscopic study. 
352-369. 
Dysmyelination in 'Quaking' mouse 
l· Neuropath. Exper. Neural. 31: 
Weber, G. 1969. Inhibition of human brain pyruvate kinase and hexo~ 
kinase by phenylalanine and phenylpyruvate: possible rele-
vance to phenylketonuric brain damage. Proc. Nat. Acad. Sci. 
63: 1365-1369. -- -- -- -
West, C.D. and Kemper, T.L. 1976. The effect of a low protein diet on 
the anatomical development of the rat brain. Brain Res. 107: 
221-237. 
Wiggins, R.C., Benjamins, J.A., Krigman, M.R. and Morell, P. 1974. 
Synthesis of myelin proteins during starvation. Brain Res. 
80: 345-349. 
Wiggins, R.C. and Fuller, G.N. 1978. Early postnatal starvation causes 
lasting brain hypomyelination. J. Neurochem. 30: 1231-1237. 
163 
Wiggins, R.C., Miller, S.L., Benjamins, J.A., Krigman, M.R. and Morell, 
P. 1976. Myelin synthesis during postnatal nutritional dep-
rivation and subsequent rehabilitation. Brain Res. 107: 257-
_.. 
273. 
Winick, M. 1969. Malnutrition and brain development. J. Pediatr. 71~: 
667-679. 
Winick, M. 1970. Nutrition and nerve cell growth. Fed. Proc. 29: 
1510-1515. 
Winick, M. and Noble, A. 1966. Cellular response in rats during mal-
nutrition at various ages. J. Nutr. 89: 300-306. 
Winick, M., Rosso, P. and Waterlow, J. 1970. Cellular growth of cere-
brum, cerebellum, and brain stem in normal and marasmic 
children. Exper. Neural. 26: 393-400. 
Wisniewski, H. and Morell, P. 1971. Quaking mouse: ultrastructural 
evidence for arrest of myelinogenesis. Brain Res. 29: 63-73. 
Wolf gram, F. 
I. 
1966. A new proteolipid fraction of the nervous system. 
J. Neurochem. 13: 461-470. 
Wood, J.G. 1973. The effects of undernutrition on the proteins of op-
tic and sciatic nerves during development. J. Neurochem. 20: 
423-429. 
Wunner, W.H., Bell, J. and Munro, R.N. 1966. The effect of feeding 
with a tryptophan-free amino acid mixture on rat liver. poly··· 
somes and ribosomal ribonucleic acid. Biochem. J. 101: 417-
428. 
Zamenhof, S., vanMarthens, E. and Margolis, F.L. 1968. DNA (cell num-
ber) and protein in neonatal brain: alteration by maternal 
dietary protein restriction. Science 160: 322·-323. 
Zeman, F.J. and Stanbrough, E.C. 1969. Effect of maternal protein 
deficiency on cellular development in the fetal rat. J. Nutr. 
99: 274-282. 
Zgorzalewicz, B., Neuhoff and Waehneldt, T.V. 1974. Rat myelin pro-
teins: compositional changes in various regions of the ner-
vous system during ontogenetic development. Neurobiology 4: 
265-276. 
Zimmerman, A.W., Quarles, R.H., Webster, H. deF., Matthieu, J.-M. and 
Brady, R.O. 1975. Characterization and protein analysis of 
myelin subfractions in rat brain: developmental and regional 
comparisons. J. Neurochem. 25: 749-757. 
APPROVAL SHEET 
The dissertation submitted by Denise Anne Figlewicz has been read and 
approved by the following committee: 
Dr. Mary Druse Manteuffel, Director 
Assistant Professor, Biochemistry and Biophysics 
Loyola Stritch School of Medicine 
Dr. Anthony J. Castro 
Associate Professor, Anatomy 
Loyola ~tritch School of Medicine 
Dr. Irene R. Held 
Associate Professor, Pharmacology 
Loyola Stritch School of Medicine 
Dr. Maurice V. L'Heureux 
Professor, Biochemistry and Biophysics 
Loyola Stritch School of Medicine 
Dr. Hugh J. McDonald 
Professor and Chairman, Biochemistry and Biophysics 
Loyola Stritch School of Medicine 
The final copies have been examined by the director of the dissertation 
and the signature which appears below verifies the fact that any 
necessary changes have been incorporated and that the dissertation 
is now given final approval by the Connnittee with reference to content 
and form. 
The dissertation is therefore accepted in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy. 
~ 11. !97!?. ·ll(()uv-/ iJJ'JJJlP. --11'(~ Pi,.~ 
Director's Signature Date 
164 
